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ABSTRACT 

Rock avalanches are a high magnitude, low frequency catastrophic mass movement involving the 
failure of over 1 x 106 m3 of mountainside. Rock avalanches are considered a major hazard of the 
high mountains due to the excessive run-out often associated with them. To date the mechanism 
that allows for such excessive travel distance is unproven although several dozen possibilities have 
been proposed. Rock-avalanche deposits exhibit characteristic features such as sharp lateral 
margins, confinement to local topography, super-elevation on valley sides, intensely fragmented 
interiors and preserved stratigraphy relative to the source. However, there are few detailed studies 
of the internal sedimentology of rock-avalanche deposits. Such studies are a vital piece of evidence 
in the search for the mechanisms of motion as rock avalanches are rarely witnessed. 
This thesis examines the detailed sedimentology of five rock avalanche deposits of varied 
lithology and morphology. A novel methodology is developed to sample deposits for their grain­
size distributions (GSD). The GSD's prove similar for deposits, with significant variation due to 
preserved lithological banding in the interior. This finding refutes the commonly held view that 
rock-avalanche deposits are simply inversely graded. Instead, a facies model is developed of a 
coarse Carapace facies forming the surface and near surface that overlies a highly fragmented 
Body facies that is in turn underlain by the Basal facies that is free to interact with the substrate. 
The sedimentology of the Body facies is considered in fine detail and is shown to be fractal in 
nature, that is, self-similar at all scales of observation. A predictive sedimentological plot is 
presented that allows generation of the grain-size distribution and descriptive statistics from a 
simple estimation of weight percent gravel at a rock avalanche exposure. 
The morphology of rock-avalanche deposits are examined and a classification presented of 
'spread' 'two-phase' and 'stalled'. The hazard and features of each morphology is described in 
relation to the observed deposits. 
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1 AIMS AND OBJECTIVES 
1.1 Introduction 
This thesis is concerned with valley confined rock-avalanche deposits in the high mountains of 
New Zealand and the Swiss Alps. Rock avalanches are a form of catastrophic long run-out mass 
movement involving the collapse of all, or part of a mountainside. The deposits resulting from 
rock avalanches are morphologically and sedimentological distinct from other forms of landslide. 
Despite this, there are few detailed studies of the sedimentology of rock-avalanche deposits and 
even fewer comparisons between deposits of varied character. This thesis examines five rock­
avalanche deposits and presents the detailed sedimentology of each before presentation of the 
common sedimentological features and consideration ofthe implications of the fmdings. 
1.2 	 Aims 
The sedimentology of rock-avalanche deposits have rarely been studied in detail, often the result 
of the harsh environmental factors in the regions where deposits are found and reliance upon 
commonly held qualitative views. The few quantitative studies carried out have suffered from 
flawed sampling methodologies and have failed to find the cornmon factors between a number of 
deposits. A primary aim of the thesis is to study in detail enough rock-avalanche deposits to 
produce a better understanding of the sedimentology of rock-avalanche deposits as a whole rather 
than as individual case study examples. 
It is a secondary aim of the thesis to assess the morphology of the rock-avalanche deposits studied 
as its effect on sedimentology cannot be discounted. The morphology of deposits has been the 
subject of several publications, each with classification schemes ofincreasing complexity. 
1.3 Objectives 
To successfully fulfil the aims of the thesis requires the selection of suitable rock-avalanche 
deposits and the development of a suitable sampling regime. Study is to be focused on deposits 
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that exhibit accessible and extensive internal sections as the surficial material is commonly held 
not to reflect the sedimentological properties of the interior. Such sections often take a number of 
years to form dependent upon the prevailing environmental conditions and location of the deposit 
in the drainage network. To this end study is directed toward deposits in the Southern Alps ofNew 
Zealand where high geomorphic rates of activity lead to rapid incision ofdeposits. This often leads 
to relatively recent deposits with exposed internal sections that are well constrained in terms of 
their age, triggering event, and with only minor degradation of primary depositional features. 
Deposits of varied volume, triggering mechanism and morphology have been chosen to assess the 
similarity of the sedimentology. In addition the Flims rock-avalanche in the Swiss Alps has been 
chosen for detailed investigation. The deposit is an order of magnitude larger than those in New 
Zealand and shows extensive river incision exposing a range of distinctive sedimentological 
features. Development of a facies approach will form the fundamental basis of sedimentological 
investigation and is required to set into context sampling for grain-size distribution (GSD) within 
and between deposits. 
A suitable technique for collection ofGSD's at rock-avalanche deposits is introduced in Chapter 3 
as at present there is no standardised methodology. The resulting GSD data can be used to 
constrain the sedimentological properties of rock-avalanche deposits in the context of the facies 
approach. In addition the GSD data can be tested against distribution forms such as the Weibull 
(Weibull, 1951) and log-normal that has been shown to represent processes of formation. To date 
the Weibull (1951) distribution has been shown to best represent the GSD's derived from rock-
avalanche deposits (Strom and Pernick, 2004) 
Mapping at each deposit to set the facies approach and GSD data into context will also yield data 
suitable to investigate the morphology of valley confined rock-avalanche deposits. 
2 
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2 INTRODUCTION 
2.1 The nature of the problem 
Rock avalanches are an extreme form of mass movement in the high mountains of the world. They 
are high magnitude and relatively low frequency events that to date have been rarely witnessed in 
motion. As a result, publications concentrate on rock-avalanche deposits from which information 
is interpreted about the moving mass. Even though this is the case, little attention has been paid to 
the detailed internal structure of rock-avalanche deposits other than broad outcrop level 
observation and interpretation. 
The scope of this research is to better describe and understand the internal sedimentology of valley 
confined rock-avalanche deposits in high mountains. This information should form a key factor in 
future modelling of rock-avalanche processes and mechanisms. If past and current state-of-the-art 
models of rock-avalanche motion do not fit with the sedimentology of rock-avalanche deposits in 
the field the models are at flawed at best and unworkable at worst. 
This introductory chapter is intended to describe what a rock avalanche is, how they move, why 
they move, their impact on humans and the natural environment and most importantly describe the 
current knowledge of the sedimentology of the resultant deposits. 
2.2 What is a rock avalanche? 
Rock avalanches, or sturzstroms as they were originally termed in the early research of Heim 
(1932) are loosely defined in the literature. Definitions vary from paper to paper, as does the 
terminology, from rock avalanche and sturzstrom which will be used in this study, to rock-slide 
avalanche, rock-fall avalanche, long-ronout landslide and debris avalanche. Unfortunately many of 
these terms imply a mechanism of motion, something as yet unproven or agreed upon for rock 
avalanches. Although the tenn rock avalanche or sturzstrom (lit. fall-stream) will be used in this 
~, , 
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study neither should be treated as implying a loose avalanche of material, nor a flow, simply as a 
term for a of characteristic mass movement resulting in a characteristic deposit as described below. 
2.3 Rock avalanches in motion 
i 
Rock avalanches are rarely witnessed in motion. However, where they have been observed there is ·1'.·.·•·,! 
'1 
frequently a massive volume of rock dust that obscures the view of the rock mass in motion and 
for many hours after motion has ceased (McSaveney, 2002). What is commonly reported is that 
rock avalanches appear to 'flow' over and around obstacles at high speed and even upslope for a il 
considerable distance (Heim, 1932, Hewitt, 1999). A notable example is the Mount Huascaran 
rock avalanche, Peru (Browning, 1973) that is estimated to have killed 18000 people. Survivors 
reported escaping to a hill top cemetery around which the rock avalanche diverged and 'flowed'. It 
is difficult to distinguish from eye witness reports if the observations of flow refer to the rock mass 
or the cloud of dust obscuring view that probably does move as a turbulent flow (Crosta, personal 
communication, 2005). Estimates of the speed at which rock avalanches travel at are based on 
velocity calculations from rock-avalanche deposits and range from 50 rns'l (Melosh, 1990), 
exceeding 27 ms'l, 27 - 54 ms-I (Hewitt, 1999), to 60 ms-I (McSaveney, 2002) . A simple velocity 
calculation may use the velocity head formula (Evans, 1989) such that: 
Where g is acceleration due to gravity and h is height of run-up at valley bends or opposing slopes. 
This formula ignores the frictional losses during movement and may underestimate velocity due to 
directional effects - the portion of mass super-elevating is often not representative of the main 
flow. Whitehouse (1983) has alternatively used the conservation of energy approach to velocity; 
the velocity is estimated using four times the square root of the run-up of material yielding 
velocities in the same order of magnitude as the velocity head equation. 
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2.4 Rock-avalanche deposits 
2.4.1 Classification 
Classification is the focus of much past and current research. The resultant deposit of a rock 
avalanche is where the boundaries of what constituted a rock avalanche as opposed to another I
Iform of mass movement are found. The most common parameters in rock avalanche classification I 
are the interpreted velocity, volume and runout length in conjunction with the geomorphological 
setting and sedimentology. 
The velocity of a rock avalanche at a point can be calculated using simple energy conservation 
equations (as shown above) where the moving rock avalanche has climbed a slope and deposited 
some of its mass - termed super-elevation. This super-elevation of mass is common but not 
diagnostic for rock-avalanche deposits (Hsu, 1975, Evans, 1989, Evans et at, 1994) but is quite 
distinctive in its magnitude. The moving mass either climbs an opposing valley slope from the 
source region, or if travelling along a valley, climbs the valley sides due to curves in the valley 
long profile. This process is also known as swash though this can be misconstrued to equal a flow 
process; within this study swash implies no process other than deposition of material. This super-
elevation of material can be vast, the Shigarthong valley rock avalanche, Western Himalaya 
(Hewitt, 1999) climbed over 600 m up a 40 - 45 0 slope. 
The volume of a rock-avalanche deposit is generally considered to have a lower bounding limit of 
1 X 106 m3 (Davies et at, 1999,). This value is the limit above which certain key characteristic 
features are observed. Eisbacher and Clague (1984) believe that this volume lies at the transition 
from a rock fall to a more coherent 'flow' of material. Hsu (1975) simply states that rock-
avalanche volume is "commonly" over 1 x 106 m3 based on a number of studied deposits. 
Along with this volume basis there is the distribution of the mass, rock avalanches are classed as 
long-runout landslides. This long mnout is based on the deposition of material over a distance in 
excess of what is calculated from the normal laws of sliding, bouncing and rolling friction 
5 
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(Melosh, 1990). This long runout is strictly controlled by the rock avalanche source and runout 
pathways available through the valley topography (Nicoletti and Sorriso-Valvo, 1991). 
2.4.2 Geomorphology 
!lThe key geomorphological features of rock-avalanche deposits that identify them from other mass 
movement deposits can be summarised as: 
1) Long runout deposit compared to calculations based on sliding, rolling or bouncing 

friction (Melosh, 1987) 

2) The deposit conforms to the local morphology (Heim, 1932, Nicoletti and Sorriso-Valvo, 

1991) 

3) Clearly defined sharp lateral and terminal margins with little spray of debris beyond 

(Cmden and Hungr, 1986). 

4) Ridges and troughs on the surface (McSaveney, 1978) 

5) Super-elevation deposits on opposing valley slopes and on the outside of valley bends, 

shown in the final deposit by material deposition, often as a brandung (lit. surge ridge 
(Heim, 1932, Hewitt, 1999). 
Taking each point in tum, the runout of rock avalanches and the resulting deposit form need to be 

described. 

Rock avalanches can travel many kilometres, though there is no defmed length over which another 
form of mass movement becomes a rock avalanche, it is the relationship of actual travel distance to 
what could be expected of the mass. The first observations of rock-avalanche deposits by Heim 
(1932, quoted by Hsu 1975) concerned the Elm rock-avalanche deposit. Heim (1932) noted that it 
had travelled an unexpectedly long distance and applied Coulomb's law of sliding friction to 
describe the travel distance: 
H= tan ex. L, where ex.= the coefficient of friction, commonly assumed to be -0.6. 
6 
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The ratio HlL (H= highest point on breakaway rim, L= horizontal projection from H to tip of 
sturzstrom) was considered as an "Equivalent coefficient of friction" by Shreve (1968). The term 
"excessive travel distance" was then introduced by Hsii (1975 p132). Hsii noted that at < 
0.5x106m3 of debris this value was the expected 0.6. As volume increased, the coefficient dropped; 
the Elm event had a coefficient of friction of just 0.3. From these calculations and similar 
observations has sprung the many ideas that rock avalanches do not obey the normal laws of 
friction, as if the coefficient of friction is lowered by an order of magnitude or more (Melosh, 
1987). The processes and mechanisms that either allow this reduction of friction, or the 
alternatives if the friction is not actually reduced are the primary focus ofrock avalanche research 
and will be described within Section 2.4.4. 
The next four points are all closely interrelated, a rock avalanche travels and deposits over a great 
distance during which time it climbs opposing slopes, conforms to the valley morphology and then 
leaves a deposit with sharp margins and ridges and troughs on the surface. The importance of 
topographic control on the morphology of rock avalanches was fIrst noted by Heim (1932). Heim 
considered that however large a rock avalanche may be it has to conform to the local morphology. 
The topography of the run-out zone appears to be a fundamental control on the gross morphology 
of rock-avalanche deposits. Research based upon forty examples taken from the literature has been 
used to show three broad categories of topographic control (Nicoletti and Sorriso-Valvo, 1991) 
(Figure 2.1): 
1) TYPE I Channelling of the debris mass. 
2) TYPE II Unobstructed spreading of the debris mass 
3) TYPE III Right angle or almost right angle impact against an opposite slope. 
7 
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TYPE I TYPE II TYPE III 
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if 
Figure 2.1 The tluee rock avalanche morphologies identified by Nicoletti and Sorriso-Valvo 
(1991), modified from Nicoletti and Soniso-Valvo (1991) Figure 2. 
Type III (Figure 2.1) is a situation that has led to the underestimation ofrock-avalanche deposits in 
the world. This is in no small part due to the early work of Giotto Dainelli and Eric Norin, pioneers 
of Himalayan research, (independently) developing approaches to explain the formation of valley 
floor deposits of the Upper Indus (Dainelli 1914, 1922, Norin, 1925; In, Hewitt, 1999). The idea 
that distinctive, boulder covered, cross-valley deposits were terminal moraine complexes deposited 
during deglaciation of glaciers covered with coarse supra-glacial debris was advanced. Some of 
these ideas persisted and biased workers identification for decades, as recently as the nineteen 
eighties and nineties (Cronin, 1989, Derbyshire and Owen 1997). These 'moraines' have since 
been re-evaluated and observations suggest that they are actually rock-avalanche deposits, over 
fifteen significant different events (Hewitt 1999). This obviously questions any glacial chronology 
that created using these misidentified deposits. Rock avalanches in the Alps have been identified 
for much longer through eyewitness reports (Heinl, 1932) and far better historical records 
(Eisbacher and Clague, 1984). 
Type II deposits are not as common due to the comparative rarity of large open areas in the high 
mountains for rock avalanches to runout onto. The exception generally is the fall of a rock 
avalanche onto a wide glacier or large de-glaciated valley. The classic example of this form is the 
Sherman Glacier rock avalanche (Shreve, 1966, McSaveney, 1978) and more recently the Denali / 
Black Rapids (Figure 2.3) events of 2002 in Alaska (DGGS, 2002). These sorts of deposits are 
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lobate and characteristically have longitudinal trains of boulders showing preserved stratigraphy 
separated by troughs (McSaveney, 1978, Strom, 1994). Generally such deposits are thinner than a 
valley confined deposit of the same volume and often show the substrate morphology through the 
deposit (Figure 2.3). This reduced thickness is in response to unrestricted spreading in all 
directions during mnout. 
Type I deposits are by far the most commonly described and are the focus of this research. A rock 
avalanche occurs, either as failure of part of, or the whole of a mountainside (Whitehouse, 1983). 
This rock avalanche then travels across and along valley, channelised within the valley and 
draping its prior morphology (Nicoletti and Somso-Valvo, 1991, McSaveney, 1999, Hewitt, 
2001). 
A further morphological classification for rock-avalanche deposits has been proposed based upon 
the foothill junction of the runout path - the point at which the moving rock avalanche reaches the 
valley floor (Strom, 1999): 
1) Primary 
2) Secondary 
3) Flowing or 'Spreaded' 
In the case of a primary rock avalanche the slope-foothill junction is gentle and the rock avalanche 
involves all of the failed mass. The resulting deposit is characteristic in that the bulk of the 
material is in the frontal portion. A secondary rock avalanche is interpreted to sharply slow down 
due to collision or narrowing of the frontal region. This results in deposition close to the slope-
foothill junction but part of this mass is capable of further motion due to kinetic redistribution 
(Section 2.4.4.7) and forms the secondary avalanche leaving a secondary cirque or scar behind. 
The flowing rock avalanche relates to impact on a steep slope-foothill junction by the frontal part 
whilst the rear continues to gain momentum on the slope decent behind. The frontal region is 
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Figure 2.2 Poerua rock-avalanche deposit (Westland, New Zealand) of 1999, a cross valley Type 
III morphology deposit fonning a landslide dammed lake behind the mass. Picture reproduced 
from Geological and Nuclear Sciences, NZ (G.T.Hancox). 
Figure 2.3 Type III Denali / Black Rapids (Alaska) lobate rock-avalanche deposit. A medial 
moraine has been overrun and its relief reflected in the final deposit. Picture reproduced from 
Dept. Of Natural Resources, DGGS, 2002. 
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Figure 2.4 Falling Mountain rock-avalanche deposit of 1929 (Southern Alps, New Zealand). A well 
preserved example of Type I morphology. Picture reproduced from Geological and Nuclear Sciences, 
NZ (L.Homer) 
crushed and' flows' as a dense liquid (Section 2.4.4.1). In this case there is no secondary scarp, the 
deposit is recognised due to its decreasing thickness with distance from the source. Care is required 
when using this as a means of classification alone as it is a process approach as well as morphological 
approach. Strom (1999) has proposed the classification to indicate the mode of formation of rock-
avalanche deposits rather than as a W1biased morphologically based classification. 
2.4.3 Sedimentology 
The sedimentology of rock-avalanche deposits is the primary focus of this research. It is also to date 
the least researched aspect of rock avalanches. Most studies are qualitative in nature and have resulted 
over the years in a broadly accepted view of the sedimentology of deposits. The commonly held 
characteristics of a rock-avalanche deposit are: 
1) Highly fractured but relatively undisaggregated clasts 
2) Crude inverse grading from a sand grade interior to a boulder rich surface 
3) Preservation of original source rock stratigraphy in the final deposit 
4) Poorly sorted 
I 1 
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5) Clasts surfaces showing hackly and conchoidal structures 
In addition there are a number of contrasting characteristics presented from case studies examples that 
argue for: 
1) Fragmentation occurring during the initial drop only 
2) Fragmentation occurring until the cessation of motion 
3) Formation of new joint sets 
4) Diffusion of fines throughout the deposit rather than strictly preserved stratigraphy 
5) Entrainment substrate material at the base 
6) Little interaction with the substrate 
7) Clast supported interior 
8) Matrix supported interior 
9) Matrix rich basal - 5 m 
2.4.3.1 Highly fractured but relatively undisaggregated clasts 
Sometimes referred to as 3-D jigsaw puzzle texture, crackle breccia, or mosaic texture (Hewitt, 1999, 
2001), highly fractured but relatively undisaggregated clasts are highly diagnostic of rock-avalanche 
deposits. They have been reported by almost all studies where the deposit interior can be viewed and 
are noted to be primarily a sub-surface feature. Relevant studies include Blair (1999), Bertran and 
Texier (1999), Davies and McSaveney (2002) , Davies, McSaveney and Hodgson (1999), and Hewitt 
(1999). 
The term should strictly refer to a bedrock unit that has undergone fracture to become a number of 
smaller sub-clasts. These fra ctured sub-clasts can remain in close contact so that the failure planes are 
readily apparent without matrix infill or become disaggregated to various extents allowing matrix infil!. 
In many places the texture is not apparent until removal of a clast upon which the clast disintegrates 
along the failwe surfaces (Heim, 1932, McSaveney and Davies, 2002). This has led to the 
misidentification of regions as being intact bedrock rather than part of a rock-avalanche deposit (Hei~ 
1932). 
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Figure 2.5 Highly fractured but relatively undisaggregated clast (lens cap for scale) surrounded by finer 
more chaotic textured material , Kokomeren rock-avalanche deposit, Kyrgyzstan. Matrix material is 
beginning infill the fractures on the edges of the clast as it began to disaggregate during motion. 
The texture may be viewed over entire outcrops or be restricted to several clasts surrounded by more 
chaotic texture (McSaveney, 2002). Surrounding individual large fractured clasts can be 'halos' 
(Hewitt, 1988) of finer material resulting from the disaggregation of the edges of the larger fractured 
clast. An example of a highly fractured but relatively undisaggregated clast is shown in Figure 2.5 , in 
this case the clast has disaggregated little but is surrounded by more chaotic regions. 
2.4.3.2 Crude inverse grading 
Crude inverse grading of rock-avalanche deposits is a well established phenomenon and is supported 
by observations that boulders become more prevalent from the base to the surface and direct 
measurement. A railway cutting through the 1903 Frank Slide, Canada, revealed an approximately 18 
m high cutting (4 m more than the average estimated thickness). Using an area by numbers technique 
the grain-size distributions were calculated for the cutting by Cmden and Hungr (1986). They used the 
results to show that the Frank Slide showed strong inverse grading. 
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One of the few other grain size studies (Blair, 1999) also stated fmding inverse grading when 
comparing sieve and laser di ffraction results from samples of the interior and near surface. The results 
showed an increase of fines in the interior such that a gravel:sand:mud ratio is 55:30: 15 for the matrix 
supported lower sample but 64:26: 10 for the clast supported upper sample. The combined sieve and 
laser diffraction method applied by Blair (1999) is a method close to that used in this study and will be 
discussed in greater detail in Chapter 3. 
Further quantitative stud ies of inverse grading are rare. There are other grain size studies that will be 
described below but they have not attempted to quantify inverse grading with the method applied. 
Further evidence for the inverse grading of deposits is yielded by descriptive case study accounts. For 
example Hewitt (1988) describes the Bualtar Glacier deposits as inversely graded, Bertran and Texier 
(1999) take it as a full diagnostic feature for there studies, Fauque and Strecker (1988) and Yamold 
(1993) also support crude inverse grading of deposits. [nverse grading is further used by Davies, 
McSaveney and Hodgson (1999) in support of their fragmentation / spreading theory without further 
evidence than the published literature and observations that the subsurface material is finer than the 
blocky surface debris. 
2.4.3.3 Preservation of source stratigraphy 
The preservation of the original source stratigraphy in the final deposit is a key diagnostic feature 
identified for rock-avalanche deposits. [t is supported by numerous case study examples except for the 
Mount Cook rock avalanche that has been interpreted to have mixed with ice (McSaveney, 2002). It is 
also dependent on source rock stratigraphy allowing for recognition in the final deposit of distinct 
units, either through varied lithological units or mineralogy. Prime examples are the Frank Slide 
(Cruden and Hungr, 1986) and the Falling Mountain (McSaveney and Davies, 2002) rock-avalanche 
deposit, New Zealand (Figure 2.6). 
2.4.3.4 Poorly sorted 
The poor sorting of rock-avalanche deposits is often observational as well as through direct 
measurement. Observations describe a poorly or unsorted 'immature ' deposit (Hewitt, 1999) whilst 
direct measurement using the definitions of Folk (1 974) show deposits to be extremely poorly sorted 
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(Blair, 1999) or poorly sorted to extremely poorly sorted (GJicken, 1988, McSaveney and Davies, 
2002). 
The sorting of the rock-avalanche material cannot be considered diagnostic as other forms of mass 
movement such as debris flows and glacial deposits such as moraines are also often poorly to 
extremely poorly sorted (Hewitt, 1999). 
Figure 2.6 Preservation of source stratigraphy in the Kokomeren rock-avalanche deposit, Kyrgyzstan as 
a series of sub-horizontal bands of alternating lithology. Units correspond to the source stratigraphy as 
mapped by Strom (2004). Height of view isapproximately 300 m. 
2.4.3.5 Other features 
Some of the further sedimentological features are not considered as diagnostic or applicable beyond 
individual case study examples. There are currently contrasting reports on the interior support, be it 
clast supported or matrix supported mainly based upon observation of small single exposures. 
However, exposures often show va riability across them and between exposures (McSaveney and 
Davies, 2002). 
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The most consistent approach is advocated by Blair (1999), reporting a clast supported upper sample 
and a matrix supported lower sample. McSaveney et al (2000) and McSaveney and Davies (2002) 
support this clast supported upper and surficial exposure and matrix supported interior. These studies 
reported a vertical contrast in the support of clasts and are considered far more applicable as they are 
based on a number of observations / direct samples rather than single point observations. 
As is becoming clear, most of the sedimentology of rock-avalanche deposits is based on observation 
rather than direct measurement. Where sampling has taken place a number of differing methodologies 
have been applied to try and calculate the grain-size distribution (GSD) of deposits. As reported above 
Cruden and Hungr (1986) combined an area by numbers approach with sieve analyses whilst Blair 
(1999) preferred a combination of sieve analyses and laser diffraction techniques. Other research has 
relied upon small point samples removed from a deposit and sieved at a later date (Hewitt, 1999; 
McSaveney, 1999; Strom, 1999). 
More recent work has attempted to sieve ever larger quantities of material, exceeding 50 kg per GSD 
(Strom and Abdrakhrnatov, 2004) or tried new combinations of grid by numbers, using either 
photographic or survey tape means in combination with sieving (Casagli, Ermini and Rosati, 2002). 
These techniques have met with limited success in the aim to better characterise the GSD of deposits; 
Casagli, Errnini and Rosati (2002) admit to problems sampling deposits with predominantly fine grade 
material- applicable to all rock-avalanche deposits. 
In contrast, Strom and Pemick (2004) reports more success in the calculation of the GSD of a deposit 
using the bulk sieve approach. Strom and Pemick (2004) state that the GSD data fit a Weibull 
distribution, a model often used to describe crushing and fragmentation data where strength is size 
dependent (Grady and Kipp, 1987) such that: 
F(x) = 1- exp [- (xlXotl 
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Where Xo and n are parameters of the distribution (n for Strom (2004) = 0.8 on average), F is the 
proportion of material finer than a given size, x (mm). The exponent value represents the number of 
breakage events, a value of 6 is considered to represent a single event whilst below represents multiple 
events. 
This is in partial agreement with McSaveney (2002) who fitted a Weibull function to GSD data from 
the Mount Cook rock avalanche (Figure 2.8) after addition of a third parameter to the model such that: 
P = l_e-gx(l+mx(-n))r 
McSaveney (2002) reported that the GSD deviated significantly from a Weibull distribution without 
addition of an extra parameter and suggested a self-similar (power law) distribution may be more 
applicable (McSaveney, personal communication, 2002). 
Further comment on the ability of these methods to characterise the sedimentology of a deposit will be 
made in the methodology chapter (Chapter 3) and developed through the discussion chapter (Section 
9.4.3.3). 
Sedimentology through observation is still a technique used in abundance. Recent observational 
sedimentological studies have been advanced to describe not only the sedimentology but also specify 
global mechanisms of motion for rock avalanches. Evans and Hungr (2004) use observational 
sedimentology of the entrainment of soft sediments at the basal region as a mechanism of motion ­
specifically mass movements becoming transitional between rock avalanches and debris flows. Davies, 
McSaveney and Hodgson (1999) use primarily observational sedimentology for the theory of 
fragmentation / spreading including the presence of inverse grading and intense commutation. Perhaps 
the greatest recent use of observational sedimentology is at the largest currently known deposit in 
Europe, the Flims rock-avalanche deposit, Eastern Swiss Alps. This is of particular interest as the 
deposit is used within this research. Further description of the relevant observations made at Flirns are 
contained within the description of the deposit along with evaluation of the facies approach developed 
by Schneider et aZ (1999) and Wassmer et al (2004). 
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2.4.4 Mechanisms of motion 
The majority of publications relating to rock avalanches are concerned with the mechanisms of motion 
of the moving mass. Since the earliest descriptions of rock-avalanche deposits theories have been put 
forward to account for the excessive travel distances of the moving mass (see Appendix K for HlL 
approach). This section contains a brief description of each of the major proposed mechanisms along 
with the criticisms levelled at each. Although this research is directed at the sedimentology of the 
resulting deposit after the inferred mechanisms have stopped, the sedimentology can provide key data 
to support or refute current and past models of rock avalanche motion. The section is organised in date 
order to show the progression of theories over the years, note will be made of theories still prevalent in 
the literature today. Other than the date order classification, rock avalanche theories of motion can 
traditionally be divided into broad groups, those reducing basal friction, and those reducing internal 
friction. A more recent third group has now also emerged, that of the normal friction laws applying to 
the moving mass. It is only in this third group that recent advances have been made, many other 
theories date back over a decade and have received little attempt at update. This division, along with 
the proponents of the major theories is shown in Table 2.1. 
There are many more theories than are described and evaluated below, notably computer derived model 
theories. Past computer based theories of motion (such as Campbell et ai, 1995) are necessarily 
simplified models of nature attempting to provide the observed runout with simple assumed conditions 
(Shaller & Shaller, 1996). The sedimentologically derived data in this study are difficult to apply to 
computer generated theories of motion other than to provide a model for the output result. The data 
presented in this study are more applicable to new more advanced computer based modelling packages 
such as Elfm that can model millions of individual clasts and their breakage but such packages cam lot 
account for pore water conditions to date (Stead and Coggan, 2002). 
2.4.4.1 Grain contact or Kinematic flow 
Along with the first scientific descriptions of rock avalanches and rock-avalanche deposits Heim 
(1932) also provided the first theory of rock avalanche motion. Heim (1932) proposed that the internal 
motion of the rock avalanche debris consisted of a myriad of highly energetic collisions, this somehow 
resulted in maintaining a great deal of the original kinetic energy of the mass imparted by virtue of its 
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Table 2.1 Table showing main theories advanced for rock avalanche motion. 
Type of Theory Reduced Basal Friction Reduced Internal Friction Normal Friction 
Proponent Air Acoustic Fluidisation 
Frictional 
Heating 
Self 
Undrained 
Loading 
Mechanical 
Fluidisation Air 
Grain 
Contact 
Fragmentation 
Spreading 
Momentum 
Transfer 
Abele, (1997) 
Davies, (1982) ,/ 
Davies et aJ. (1999) 
Erismann, (1979) ,/ 
Goguel, (1978) ,/ 
Heim, (1932) ,; 
HsU, (1975) ,/ 
Kent, (1966) ,/ 
McSaveney, (1978) ,/ ,/ 
Melosh, (1980) ,/ 
Sassa, (1988) ,/ 
Shreve, (1968) ,/ 
Van Gassen and 
Cruden, (1989). ,; 
fall. Using observations made by survivors of the Elm rock avalanche of 1881 that the rock avalanche 
'flowed' and also stopped abruptly led Heim (1932) to these ideas ofbuIk fluidisation. At a fine scale, 
each clast was believed to act as if a molecule in a flowing fluid. The result of this theory was that the 
m3volume effect could be explained; above Ix 106 mass movements became more fluid like and 
individual clasts became less significant in the mass. 
These ideas were developed further by Hsu (1975) using the grain-flow theory of Bagnold (1954). Hsu 
(1975) compared a rock avalanche to concentrated flow of cohesionless grains within a fluid. Frictional 
resistance to this according to Bagnold (1954) is far less than for sliding of a rigid body due to 
buoyancy of the interstitial fluid reducing the effective normal pressure on the entrained grains. Hsu 
(1975) believed that the inter-granular fluid that allows this within rock avalanches is the interstitial 
dust present and often observed (Heim, 1932). 
The major criticisms (Shaller and Shaller, 1996) relating to grain contact are the presence of turbulent 
flow if the theory is active as described above. Turbulent flow (or indeed rolling at the frontal edge of a 
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laminar flow if applicable) would destroy the preserved stratigraphy that is a key feature of rock­
avalanche deposits. Melosh (1983) further criticised Hsu in that the dust modelled as the interstitial 
fluid is not in keeping with Bagnold' s (1954) theory. 
2.4.4.2 Air theories 
Two theories invoke the role of air within rock avalanche motion, Kent (1966) and Shreve (1968). The 
earliest (Kent, 1966), another bulk fluidisation theory, states that individual blocks within the 
avalanche are maintained in a dilated state by the rapid upflow of air escaping from the body of the 
debris, based upon three deposits, Saidmarreh, Madison and the Frank. This would cause a low 
coefficient of friction amongst the blocks allowing for excessive travel distance. 
Shreve (1968) uses air in a very different process, basal lubrication. The theory, which persists today 
was originally based on the Blackhawk landslide, with further evidence from the Sherman Glacier 
deposit (Shreve, 1966) and other deposits then referred to as 'Blackhawk type'. After a rock avalanche 
reaches a suitable obstacle in its path such as a step, ledge or hump, it 'jumps', trapping and 
compressing a layer of air beneath over which it travels in the manner of a hovercraft. Shreve (1966) 
preferred air as a basal lubricant over a bulk fluidiser due to its ability to better describe the final 
deposits. More recently, Shreve (in, Shaller and Shaller, 1996) has stated that the mechanism cannot 
account for all rock avalanches, only those of 'Blackhawk type'. 
Air theories of motion, particularly Shreve's (1966) are still prevalent in publications, particularly 
American graduate level books despite a plethora of disputing evidence. Deposits that appear 
extremely similar to terrestrial rock-avalanche deposits have been identified on the Moon (Howard, 
1973), Mars (Luchitta, 1979, NASA, 2004) and Venus (Malin, 1992). It is difficult to envisage such 
theories working on the airless Moon, nor being as effective under the atmospheric conditions ofMars 
and Venus. Criticism has also come from Melosh (1987), stating the difficulty of trapping a pocket of 
air, partly due to the low permeability required. McSaveney (1978) noted that if these mechanisms 
occurred, air would pass up through the deposit as bubbles. This is observed in both industrial 
fluidisation and in the deposits of many pyroclastic flows, yet is entirely absent in non-volcanic rock­
avalanche deposits (Wilson, 1980, 1985). A more commonsense view of the role of air was suggested 
by Melosh (1987) in that it is an ' ...inevitable accompaniment...' accounting for the flattened trees 
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often observed in front of rock-avalanche deposits as they' ...move rapidly and displace air." Wind 
blast damage has been noted at rock-avalanche deposits throughout the literature (Heim, 1932, 
Manville, 2001) and has occurred after large rockfall events also. 
2.4.43 Frictional heating 
Frictional heating mechanisms have been proposed by both Goguel (1978) and Erismann (1979). 
Goguel, (1978) thought that high-pressure steam generated by frictional heat between sliding surfaces 
could vaporises pore water, and then this can be confined along these planes reducing friction by 
supporting part of the overburden. The theory has been backed by extensive quantitative analyses 
(Goguel, 1978) providing energy dissipation rates and possible acceleration rates. 
Erismann, (1979) believed that frictional heating and high pressure at the base of the rock avalanche 
would be sufficient to produce a thin layer of molten rock between the flow base and the ground 
surface. This would serve to reduce the coefficient of friction between the mass and the ground surface 
allowing a greater distance to be travelled. This was backed by thermodynamics and evidence of 
melting occurring in field examples such as the Kofels slide (Erismann, 1979) and later in a deposit 
located in Central Nepal (Heuberger et at, 1984). More recently frictionite has also been discovered at 
the base of a volcanic rock avalanche in Peru (Legros et aI, 2000). Frictionite is found as thin (cm) 
seams of glass like material, often described as being identical to a volcanic glass at hand specimen 
scale. In carbonate rocks such as FlilUS, the process was described as the disassociation of the 
carbonates with the liberated CO2 fluidising the flow. Field evidence for the disassociation of 
carbonates with rock-avalanche deposits can be found within Hewitt (1988) although Hewitt does not 
use these field observations as support for Erismann's theory. 
McSaveney (1978) and Melosh (1987) both supply criticism to the frictional melt theories by disputing 
the improbably low permeabilities required and also the lack of mobile water in lunar and 
extraterrestrial examples (Howard, 1973). The largest criticism is the case study evidence, of the 
hundreds of rock-avalanche deposits studied, only a handful preserve a melt layer (as glass) or show 
evidence of carbonate disassociation. For this reason alone, the theories can be considered only as a 
case by case mechanism and not a global solution. 
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2.4.4.4 Mechanical fluidisation 
After study of the lobate Sherman Glacier rock-avalanche deposit of 1964 in Alaska, McSaveney 
(1978) advanced the theory of mechanical fluidisation. McSaveney (1978) actually attributed the fIrst 
use ofmechanical fluidisation to Heim's early work in 1882. The debris in a rock avalanche is fluidised 
by virtue of the energy of its motion and from the earthquake that triggered it. McSaveney's description 
of the process that Heim (1932) used is that" .. .internal friction is lowered through statistical separation 
of clasts in rebounds from countless collisions." (McSaveney, 1978, p24S). The debris is assumed to be 
a Bingham plastic with the debris always so viscous it appears to slide rather than flow. 
Davies (1982) produced further work on mechanical fluidisation without the addition of seismic 
energy. He described it as a series of stages; the rock mass achieves high velocity by virtue of its fall; 
upon reaching relatively flat land, if forward velocity is suffIcient, shear at the base of the debris causes \.!IIi 
dilation and reduction of internal friction. The debris becomes fluidised and spreads under the influence 
of gravity. Forward velocity decreases so that the basal shear is no longer suffIcient to maintain the 
dilation, internal friction increases, and the mass becomes rigid and slides quickly to a stop. The 
process was modelled using a tray coated in fIxed coarse sand as a base above which a quantity of sand 
oscillated at a range of frequencies. In more recent work McSaveney (1999) sums up the process of 
mechanical fluidisation; the high shear rate at the base of a rock avalanche causes a dilation of the 
fragmented material there, this served to reduce grain concentration and so reduce the dynamic friction. 
Mechanical fluidisation receives signifIcant criticism from its own proponents. Although Davies et al 
(1999) considers that it is a real process within rock avalanches, it is not the main driving force and 
1'I.. 11 
cannot reduce the basal friction. Davies et al (1999) questions the idea of a consistent basal slip i'il 
between a fragmented mass of rocks and the underlying rough substrate. He also states that there is no 
reason why mechanical fluidisation would be more effective above a minimum volume of I x 106 m3• 
Further criticism within Shaller and Shaller (1996) focuses on the laboratory modelling. The laboratory 
model was not scaled in terms of the forces applied or the relative geometry of a rock avalanche. 
Consequently, the sand grains underwent only minor shear stresses in comparison to the basal zone ofa 
rock avalanche. The major criticism is that the laboratory experiments used an external force to 
oscillate the tray. The fluidisation observed was not self-induced by virtue of basal shear, rather it was 
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the inputted vibration energy. This argument is not valid when considering McSaveney's (1978) 
version of mechanical fluidisation that uses as external input of energy from the triggering earthquake. 
2.4.4.5 Acoustic tluidisation 
Acoustic fluidisation is essentially a similar process to mechanical fluidisation. Davies (1982) chose to 
study mechanical fluidisation as it was more replicable in the laboratory. Melosh (1987) has described 
the process, using less energy than mechanical fluidisation as; high frequency pressure fluctuations due 
to irregularities in the flow of debris, for example from flow over a rough surface, can locally relieve 
overburden stresses and allow pseudo viscous flow of the rock debris. If the volume is large enough 
production of this vibrational energy exceeds loss rate, so extended motion is possible. The rock 
fragments are organised into groups as part of elastic waves and seldom lose contact with each other. 
The pressure in a small volume fluctuates between much more than the static overburden and much 
less. The mass can slide when it is less than the overburden, and it accumulates elastic strain when 
more, this is released by failure and so keeps the process ongoing. 
Davies (1999) has questioned the theory of acoustic fluidisation based on energy considerations as no 
mention is made if the extra motion during periods of low direct stress are high enough to offset the 
times when the extra direct stress induced by the vibrations inhibits motion. The same critique applied 
to mechanical fluidisation is also applicable to acoustic fluidisation; in addition it is not experimentally 
proven that a rock avalanche can generate the required high frequency vibrations proposed in the 
theory. 
2.4.4.6 Self-undrained loading 
The mechanism of self-undrained loading has been proposed by Sassa (1988) and again by Abele 
(1997) in a similar manner. Runout is lubricated by very low shear strength developed in a layer of 
saturated or near saturated alluvium that comprises or underlies the surface over which the rock 
avalanche then travels. The front of the rock avalanche overrunning the layer causes very rapid 
(undrained) loading and consequentially very high pore-water pressures in this thin layer, thus reducing 
its shear strength so that shear occurs in the layer, the rock mass is then borne along this surface. 
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As in frictional heating mechanisms, self-undrained loading may require improbably low 
permeabilities in the debris above the saturated layer to stop the elevated pore pressure being lost 
(Shaller and Shaller, 1996). Field evidence does not always suggest the presence of a thin layer of 
alluvium, indeed many settings may not have the required amount to lubricate the runout of 10km of 
debris covering km2 (Davies et aI, 1999). 
2.4.4.7 Momentum transfer 
Momentum transfer, as presented by Van Gassen and eruden (1989) relies upon shedding of low­
velocity rear material and the impartation of momentum into a faster frontal portion. As a rock 
avalanche descends a steep mountainside it begins to decelerate as it reaches flatter ground. This 
material then receives additional momentum from material still entering the runout zone that was 
originally further up-slope. This impact of the faster rearward material with the decelerating frontal 
material serves to propel the frontal material onward beyond where it would have stopped, with the 
consequence that the material behind is slowed and deposits. The overall effect is that mass is ejected 
from the rear, with the expulsion propelling the front forward. The process operates as a rocket 
shedding stages (mass) as it moves (Van Gassen and eroden, 1989; Shaller and Shaller, 1996). 
A discussion of the major mechanical objections to momentum transfer is presented in Hungr, (1990b), 
summarized and built upon in Davies et al (1999). There is no reason why this process should only be 
applicable at large volumes since the mechanisms implied are scale independent. The major argument 
against the process is mechanical; the two parts of the rock avalanche, upon impacting each other 
should combine and carry on at an intermediate velocity. This would lead to a reduced runout of the 
mass rather than excessive ronout of a small proportion of the mass. Further mechanical arguments can 
be followed in the literature but are not important in the context of this study. 
2.4.4.8 Fragmentation-spreading 
The theory of fragmentation-spreading is the most recent advanced to describe the motion of rock 
avalanches. The theory does not rely upon unusual coefficients of friction in the bulk of the material 
nor at the base, in contrast, normal frictional laws are adhered to (Davies et ai, 1999; Davies and 
McSaveney, 2002, 2004). The theory is based on the observation that the interior of rock-avalanche 
deposits consist of highly-fragmented debris (eruden and Hungr, 1986; Hewitt, 1988; Glicken, 1988; 
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Davies et ai, 1999). It is proposed that part of a mountainside collapses under the influence of gravity 
and dilates into a primarily joint defmed granular mass. Partially during the fall, but predominantly 
during runout if the mass is large enough, stresses within the mass achieve high enough values to 
fragment rock through point loading. Fragmentations generate an isotropic dispersive stress within the 
rock avalanche (in addition to mechanical fluidisation). This dispersive stress has two effects, the 
proximal material decelerates more quickly than a non-fragmenting movement, the distal portion of the 
mass decelerates more slowly than an equivalent non-fragmenting movement. It is this spreading that 
facilitates the excessive mnout noted at deposits, the centre of mass has not actually translated any 
further than expected from nonnal friction laws, the deposit has spread. The size effect of rock 
avalanches is explained with the conclusion that below 1 x 106 m3 fragmentation has no significant 
effect, this is backed with sampling of fragmented versus non-fragmented deposits (Davies, 
McSaveney and Hodgson, 1999). 
2.4.5 Distribution, frequency and triggers 

There are many rock-avalanche deposits described in detail in the literature from throughout the world. 

An important question that must arise is how often do these extreme mass movements occur, where do 

they occur, and what triggers them? 

All of these questions are closely interrelated; the first to be addressed is the distribution. Rock­
avalanche deposits are found in almost all the high mountain ranges of the world, Himalaya 
(Heurberger et aI, 1984; Hewitt, 1998,), Alps (Schneider et aI, 1999; Bertran, 2003), Tien Shan and 
Pamir (Strom, 1999, 2004), Southern Alps (Whitehouse, 1983; McSaveney, 2002), Andes (Legros et 
aI, 2000; Hemmlllls and Strecker, 1999), North America (Glicken, 1988; Evans, 1984) and debatably, 
the United Kingdom (Evans and Hansom, 1988). Mountainous terrain seems an obvious but 
fundamental control on the distribution of rock-avalanche deposits. This is probably related to the mass 
of volume required to be available at a daylighting face (either into a river valley or glacial valley) that 
can only sensibly be achieved in areas of high vertical relief, and also the potential energy of such 
materials. The exceptions to this are volcanic activity associated rock-avalanche deposits that are of 
high local relative relief but do not necessarily need to be located in a large region of high mountains. 
There is, however, no minimum altitude range for rock avalanches to occur and the resulting deposits 
can have travelled many kilometres to relatively low altitudes. 
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Of the worlds rock-avalanche deposits it is within regions of the Himalaya and Southern Alps of New 
Zealand that their distributions have become best constrained in terms of location and number. The 
work of Hewitt (1998, 1999) identified over 115 rock-avalanche deposits in the Karakoram Himalaya, 
the majority of which were interpreted as prehistoric (Hewitt, 1998). The distribution of deposits in 
New Zealand has received a great deal of attention, partially because of its potential for determining 
palaeoseismicity (Crozier, 1991, Bull, 1996). Detemrination of palaeoseismicity is not an issue to be 
developed in this present research as there is no evidence that seismically triggered rock-avalanche 
deposits differ from non-seismically triggered deposits. In brief the information gained is dependent 
upon: 
1) Direct evidence the landslide is seismically triggered 
2) Stability analysis to provide critical acceleration and minimum shaking intensity at landslide 
site 
3) Analyses of landslide position compared to epic entre to detemrine magnitude and maximum 
intensity of triggering earthquake 
4) Analyses of the distribution of all landslides triggered by single event 
(Modified from Crozier, 1991, pp.1173) 
From the list above, point four is the most relevant. The distribution and age of landslide deposits, 
including rock-avalanche deposits are required. The distribution of rock-avalanche deposits in the 
Southern Alps has been mapped (Figure 2.7) using aerial photograph interpretation and field 
verification where possible by Whitehouse (1983) and Whitehouse and Griffiths (1983). The area 
under study, from Arthur's Pass and Mount Cook (10 000 kro2) in the central Southern Alps contained 
between 42 (Whitehouse and Griffiths, 1983) and 46 rock-avalanche deposits (Whitehouse, 1983). The 
volumes of these deposits above a 1 x 106 m3 volume threshold ranged from 1 x 106 rn3 to 500 x 1 06 ~ 
with runouts from as little as 400 m to as much as 3.2 km - that of the Falling Mountain rock-
avalanche deposit used within this study (Figure 2.4). The distribution of deposits in the central 
Southern Alps exhibits a strong lithological control (Whitehouse, 1983). Rock-avalanche deposits are 
mainly found in the Torlesse Supergroup rocks - well-indurated sandstone and mudstone that form the 
greywacke and argillite 'rotten rocks' or 'Wheat-a-bix' mountains east of the Main Divide. Rock­
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avalanche deposits were not as common in the schistose rock to the west of the Southern Alps 
(Wltitehouse, 1983). The control was interpreted to represent styles of failure, in the schist terrain 
failure is primarily by shallow debris slides associated with intense rain storms or very large, but slow 
failures of whole mountainsides - of volumes in the rock avalanche range but without the characteristic 
features . This lithological control on failure style is present in other parts of the world, for example the 
Alps (Eisbacher and Clague, 1984) and could be an important factor in the distribu tion of rock-
avalanche deposits in high mountains. There does not currently exist a worldwide database of rock-
avalanche deposit locations. The work of Hewitt (1998, 1999) in the Himalaya, and the New Zealand 
studies above are the most detailed to date . 
Falling Mountain , ./ I ~ 
I) ~ ." I Acheron 
Figure 2.7 Distribution of rock-avalanche deposits in the Central Southern Alps of New Zealand 
(Whitehouse, 1983, Figure 1). The size of circle is a proportional representation of deposit volume. 
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The work of Whitehouse (1983) and Whitehouse and Griffiths (1983) also provide an answer to the 
next question, how often do rock avalanches occur? Hewitt (1998, \999) described most of the 
Himalayan examples as 'Prehistoric', other studies from around the world do not describe enough 
dated deposits to estimate a recurrence rate for a region. Whitehouse and Griffiths (1983) used a variety 
of dating methods (historical records, radiocarbon date, and weathering rinds) to indicate a frequency 
of one rock avalanche every ninety four years in the 10000 knl of the central Southern Alps studied. 
JThe average volume for a rock avalanche is given as 56 x 106 m (close to Falling Mountain deposit 
J
volume) in any century and 103 x 106 m in any millennium. This is of course only statistics, rock-
avalanches may occur many times in one year with no further events for decades with this average 
value adhered to. 
Authors use recurrence intervals to interpret that the rock avalanches are mainly seismically triggered, 
due to seismically triggered historical rock avalanches and the smaller historical volumes observed in 
Figure 2.8 The scar of the 1999 Aoraki I Mt. Cook rock-avalanche, New Zealand. Picture reproduced 
from Geological and Nuclear Sciences, New Zealand. 
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rainfall triggered events. Since the work of Whitehouse and Griffiths (1983) the Southern Alps of New 
Zealand have experienced several rock avalanches. Almost exclusively these rock avalanches have 
been precipitation triggered, or without a known trigger but certainly not seismically. Examples include 
the 1999 rock avalanche that lowered the highest mountain in New Zealand, Aoraki (Mount Cook) 
shown in Figure 2.8, and the Poerua rock avalanche of 1999 (used in this study, Figure 2.2). It is worth 
the time to explore the possible triggering mechanisms for rock avalanches. Although it is interpreted 
to not affect the fmal deposit for this study as all rock-avalanche deposits show similar characteristics, 
it is important in terms of processes and volume generated. The simple thought runs thus; a large 
earthquake is capable of triggering a larger slope movement of material normally stable under the usual 
fluctuations of pore pressure and slope conditions form year to year. The seismic energy has also been 
utilised as an important process in mechanical fluidisation (Section 2.4.4.4). 
The major triggers for rock avalanches identified are; oversteepening (glacial or fluvial), human 
interaction, earthquakes, and precipitation events, be it short and intense or prolonged and lower 
magnitude. 
2.4.5.1 Oversteepening trigger 
Oversteepening, by glacial or fluvial means is often discounted as a trigger. Rock avalanches are 
triggered in an instant, the mass moves as one and are not a process of slow, multi-event collapse. 
Oversteepening occurs over many years and can be regarded as a general pre-condition in the high 
mountains for rock avalanche generation (Whitehouse and Griffiths, 1983) not a specific point trigger. 
Examples of this preconditioning and oversteepening include discontinuities opening in response to 
decompression and stress relief during deglaciation or valley formation (Ferguson and Hamel, 1981). 
It has, however, more recently been argued that slow failure of a slope can precede a rock avalanche 
(Kilburn and Petley, 2003). Precollapse involves the nucleation, growth and subsequent coalescence of 
a population of cracks fractal in nature (Kilburn and Petley, 2003). The eventual formation of a plane 
of failure as small cracks join to form a larger surface reduces the shear resistance and is in itself 
sufficient to drive an instantaneous failure. The instantaneous failure is the final output of a process that 
may have been active for many months or years. This can be monitored (in terms of acceleration 
pattern) to predict the crack growth process and eventual failure (Kilburn and Petley, 2003). It must be 
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made clear that the deposit used for this work was the Vajont rockslide, not a rock avalanche under the 
normal terminology and characteristic features unless considered an 'immature' rock avalanche. 
2.4.5.2 Human interaction trigger 
Human interaction has been known to trigger several historical rock avalanches. The earliest, at Elm in 
Switzerland (1881) was the basis of Albert Heim's pioneering research (Heim, 1932). Active quarrying 
started many small mass movements such as rockfall in the mountainside above Elm. Work continued 
and danger signs were ignored until a rock avalanche occurred that swept through Elm killing 115 
people (Heim, 1932). More recent examples may include the Vaiont Dam disaster (Kilbum and Petley, 
2003) of 1963 that killed more than 2000 people. The Vaiont Dam has produced numerous discussions 
over the causes and possible prediction of the event (Kilburn and Petley, 2003). The rockslide (see 
above section) was arguably human induced due to reservoir infilling after dam construction. The 
fatalities were actually a result of a wave of displaced water overtopping the dam, not overrunning of 
the landslide. 
2.4.5.3 Seismic trigger 
The triggering of mass movement events due to seismic shaking has received literary attention not 
necessarily because of interest in the causal factor, but instead because of the possibilities of 
palaeoseisnric reconstruction. The link between failure and earthquakes is strong with many failures 
tied to a specific seismic event. Seismic shaking deteriorates the cohesive properties of a rock mass, 
widens existing fractures and sets in motion a process involving loss of cohesion, slippage, internal 
toppling, crushing and eventual failure along a composite detachment surface (Eisbacher and Clague, 
1984). 
Rock avalanches and smaller failures are not only generated at the epicentre and at the surface rupture 
zone, they can occur at large distances away, sometimes up to 400km away (Keefer, 1984). The Mt. 
Huascaron rock avalanche in N-Central Peru was triggered by an offshore earthquake 84km away at a 
depth of 54km (Browning, 1973). A more recent event is the Taiwan Chi-Chi earthquake of 21 5t 
September 1999, this induced widespread failure in the Western Foothills including a small number of 
rock avalanches that were witnessed (Kamai et aI, 2000). It is with this relationship of recent 
earthquakes to recent rock avalanches and smaller failures that researchers have tried to reconstruct 
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prehistoric earthquakes. Early work attempted to date them and back-calculate the Richter magnitude 
and Arias shaking intensity (Crozier, 1991). More recent work has aimed to date them, identify the 
fault zone responsible and describe the pattern of seismic shaking (Bull, 1996). 
Earlier work (Crozier, 1991) was more of a mathematical treatment to determine palaeoseismicity 
using empirical relationships between landslide location, area affected and other seismic parameters. 
Only landslides that show convincing evidence of being seismically triggered were used in the study 
area of New Zealand concerned. Field descriptions of the landslides utilised are not provided to 
determine if they are in fact rock avalanches. 
Work can be criticised that simply assumes large landslides are almost exclusively co-seismic 
(Whitehouse and Griffith, 1983). The idea that size of event is only important when considering a 
cluster of events is advanced; the modal size of events triggered by rainfall is significantly less than 
that from co-seismic clusters - although examples of the sizes are not mentioned. The evidence that is 
used to determine that studied landslides in Crozier (1991) were co-seismic include; association of 
earthquakes and failure and the coincidence of landslide distribution with active fault zones. Use of 
geomechanical stability analyses suggests the need of a force other than hydrological ones to induce 
failure (Crozier, 1991). 
More recent work has capitalised on accurate dating methods such as weathering rind thicknesses, 
organic matter dating (usually wood caught in the debris) and most researched, lichenometry. 
Lichenometry claims to have a confidence level of 95% and a precision of ~10yrs. (Bull, 1996, Bull 
and Brandon, 1998). The technique has been applied in New Zealand on what the paper terms 
rockfalls, a common type of co-seismic landslide, the technique is applicable to large rock avalanches 
though. Field descriptions of the deposits used are not given other than that many of the sites are on 
steep talus, glacial moraines and landfonns intercepting falling blocks. It is likely that some of the sites 
are on rock avalanches (Bull and Brandon, 1998 use a rock-avalanche tenned a rockfall). To use 
lichenometry to determine palaeoseismicity certain assumptions have had to be made; some concern 
aspects of the lichen species chosen (Rhizocarpon) and the relation of failure to earthquakes. A key 
assumption is that movements triggered by earthquakes are common enough to dominate polymodal 
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distributions at sites and the movement decreases away from surface ruptures (see Bull, 1996, p. 6039). 
After decomposition of composite probability density plots at numerous sites and maps of relative 
rockfall / rock avalanche abundance dating of individual shaking events can be calculated. 
2.4.5.4 Precipitation trigger 
Rainfall as a trigger for catastrophic failure is dependent upon the creation of elevated pore pressures in 
rock masses. To generate the pressure needed to weaken and eventually trigger failure either prolonged 
periods of precipitation, or intense stonn activity is required. These conditions allow for saturation of 
rock masses where pore pressures are elevated as the normal pathways for removing excess 
precipitation are not capable of dealing with the influx of water. This effect is compounded by any 
intercalations of impermeable strata within the rock mass, for example a silt horizon within a sand rich 
formation. The elevated pore pressure serves to reduce shear strength and the cohesive properties (Paul 
et aI, 2000) of the various forms of discontinuities contained within the rock mass allowing failure in 
directions of weakness- such as bedding planes, foliation planes or a combination of them. One single 
event is generally not enough to create a failure, a rock mass is often prepared by a slow deterioration 
of the cohesive and shear properties during repeated over-saturated conditions (Eisbacher and Clague, 
1984). This is a criteria met by most, if not all of the landscapes where rock avalanches are found, the 
Himalaya affected by the monsoon and British Columbia, Canada often having over 1500mm per 
annum for example. Therefore rainfall has often been seen as a preparatory phase rather than the trigger 
in an instant of catastrophic failure- earthquakes are much easier to directly tie a failure to. With 
rainfall events there is often no one particular day of rainfall that is assumed to have been the cause of 
the failure, there is always a lag time involved as a slope adjusts to new hydrological conditions, 
cohesive properties are gradually decreased until a failure condition is created. In an earthquake setting, 
cohesive properties are instantly destroyed as a result of the seismic shaking. The lack of rainfall 
trigger directed research might also be due to issues of scale. Events triggered by rainfall are often 
widespread, but individual events are often of a magnitude smaller than co-seismic rock avalanches. 
The figure often quoted for rock avalanches is lx106m3 (Hsti, 1975, Whitehouse and Griffith, 1983) as 
a minimum. An example from New Zealand is a storm triggered rock avalanche at Murchison Glacier 
(McSaveney, personal communication, 2002), the failure was in the order of2xl0Sm\ much less than 
normally supposed for a rock avalanche and did not travel far. However other researchers do put a 
value on the transition from a rock fall to a rock avalanche as much lower, down to O.lxl06m3 
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(Eisbacher and Clague, 1984). There are, however, many studies of rainfall triggered rock avalanches 
above the volume that most researchers seem to have settled on as a minimum. The Malpa failure in the 
Kali Valley, Kumaun Himalaya, India had a volume of around 1x106m3 and killed 221 people along its 
path (Paul et aI, 2000). 
It is the amount of rainfall, duration of storm period and intensity of individual storms that seem to 
generate failure (Vakdiya and Bartarya, 1989). It follows that storms arriving after already prolonged 
periods of rainfall lead to increased failures; probably due to the inability for an already saturated and 
weakened slope to deal with new input- the failure at Malpa occurred after one month of heavy rainfall 
and around ten days after the peak rainfall event. 
Alpine precipitation triggered examples include Mont Granier, which failed in 1248 following what 
was described as a heavy period of rain. The rock avalanche created was around 500xl06m3 and 
travelled 7.5km covering 20km2 after stopping (Eisbacher and Clauge, 1984). Another Alpine example 
was not triggered directly by precipitation but from water stored in a glacier then released as meltwater. 
The Diablerets event of 1714 occurred as the glacial meltwater from a nearby glacier percolated into 
existing cracks (Eisbacher and Clauge, 1984), failure was then presumably triggered by the destruction 
of cohesive properties as pore pressure built up, or as the percolating water widened the existing 
cracks. 
A study of interest is based upon five rock avalanches in British Columbia, Canada (Naumann and 
Savigny, 1991). Material dated along the Cascadia subduction zone gives a palaeoseismic history (of 
subduction-related earthquakes but not shallow random events), if the rock avalanches were co-seismic 
their age should correlate well to these subduction events. In fact the correlation is only limited. A 
number of hypotheses were generated, one of them being that the rock avalanches were not susceptible 
to seismic triggering, instead they may be due to other mechanisms such as elevated pore pressure. 
Other triggers such as deglaciation and crustal rebound to destabilise slopes was discounted due to the 
random chronological occurrence of the rock avalanches through the Holocene. One event, the Cheam, 
had detailed stability analyses carried out. This allowed calculation of the acceleration (critical 
acceleration, Ac) and displacement (critical displacement, Dc) required to cause catastrophic failure. 
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The results show that when a large critical displacement is required variables such as groundwater 
pressure are more likely to trigger catastrophic failure over seismic shaking (Naumann and Savigny, 
1991). There is little doubt that co-seismic events occur, they just need to be large, and as they are rare 
compared to the times elevated pore pressures are generated (often yearly), pore pressure takes on a 
greater importance. As critical acceleration increases the results show the slopes are less sensitive to 
failure by seismic loading. As low critical acceleration slopes are by defInition marginally stable, and 
according to Nauman and Savigny (1991) are proportionally less susceptible to seismic triggering they 
are likely to fail by other means, such as elevated pore pressure. These results, combined with the 
1500mm of annual rainfall in British Columbia, the chronologically sparse major earthquakes and the 
lack of correlation between rock avalanche dates and the seismic record point to rainfall as the most 
important trigger in this wet environment. This appears to be an important study, particularly as many 
of the areas where rock avalanches are found have these wet conditions, such as the monsoon in the 
Himalaya. 
Another consideration from this study is the use of rock-avalanche deposits to reconstruct 
palaeo seismic histories. If research assumes all of the large rock avalanches are co-seismic, or that 
those that are will dominate polymodal distributions, how can they be sure they are not in fact 
reconstructing wetter than average seasons and associated failure? British Columbia is very seismically 
active, yet Naumann and Savigny (1991) prove this does not cause the rock avalanches. Here a 
palaeoseismic history existed to compare it to from other sources; this has not been attempted in other 
regions. It appears there may be a danger in blindly accepting palaeoseismic reconstructions simply 
from rock-avalanche deposits, unless the landslides are very convincingly demonstrated to be co­
seismic- leading to a circular argument of cause and effect. 
2.4.6 Rock avalanches as a hazard 
The hazard posed by rock avalanches can be divided into two broad categories, direct and indirect 
hazards. The actual risk of being exposed to the rock avalanche hazards are ever increasing 
(Whitehouse and GriffIths, 1983, Eisbacher and Clague, 1984) but still relatively low. The reasons for 
this lie primarily in use of marginal land, increased resource and recreation demands all leading to 
higher usage of mountainsides and valleys. 
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2.4.6.1 Direct rock avalanche hazard 
The direct hazard from a rock avalanche is that people or infrastructure may be in the runout path of a 
rock avalanche event. As rock avalanches are not predictable (though see Section 2.4.5.1), can't be 
mitigated against (other than prevention of settlement in mountainous regions), and travel at high speed 
(see Section 2.3) when people or property are directly in the path ofa rock avalanche little can be done. 
Even if rock avalanches became more predictable the only mitigation possible is evacuation due to the 
mass and energy involved. Engineering works other than mass slope stabilisation would either be too 
costly or beyond current engineering teclmiques. Examples of note in the literature are the Elm rock 
avalanche of 1881 (Heim, 1932) that killed 115 people, the 1939 Flims rock avalanche that killed 18 
people (Eisbacher and Clague, 1984), and the most important, Mount Huascaran rock avalanche in 
Peru (Browning, 1973) that became a more complex flow with the addition of ice, snow and alluvial 
deposits during run-out that killed around 18000 people (Figure 2.9). 
2.4.6.2 Indirect rock avalanche hazard 
Indirect rock avalanche hazards include the flood waves displaced by the mass and also dam formation 
and subsequent failure. Prediction of the indirect hazard are far better as a number of modelling 
packages and empirical relationships are used to assess failure, peak hydrograph and flood routes of 
dam-break flood (Maniville, 2001). A notable example is the dam-break flood of the Poerua rock­
avalanche deposit (Figure 2.2) a deposit used within this study 
A dam-break flood has further consequences than the immediate danger of a flood wave and inundation 
of land. The Poerua dam-break flood caused little significant damage (Hancock et ai, 2000) but 
subsequently the river has aggraded with the rock-avalanche material, altering the course of the river 
and destroying valuable farmland several years after the rock-avalanche occurred (Figure 2.10). 
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Figure 2.9 Mount Huascaran viewed from Yungay cemetery where the only survivors of the 1970 rock­
avalanche that killed 18000 people in the town escaped to . Picture taken by Tomas Schmeidl, 2002 
(SummitPost.org) . 
Figure 2.10 Downstream from the 1999 Poerua rock-avalanche dam one year after failure . The river 
has avulsed and aggraded destroying the fam1 access road and stranding an outbuilding (destroyed by 
2004). 
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3 METHODS 
3.1 Introduction 
To better characterise the sedimentology of rock-avalanche deposits requires consideration of the 
final outputs required and then development of a set of methods best suited to deliver these results. 
Currently there is no standardised method to sedimentologic ally examine rock avalanche-deposits, 
this includes both academic study and the 'pro-forma' approach of engineering consultancies 
(Massey, 2004, personal communication) to mass movements. For this reason, part of the novel 
research presented in this study is a methodological approach that maximises results and is 
considered a least errors method. 
The methodology can be broken into two sections: 
1. Obtaining the grain-size distribution (GSD) of rock-avalanche deposits. 
2. Setting the GSD of deposits into morphological context. 
Each will be dealt with in greater detail in terms of the problems encountered and the solutions 
achieved. 
3.2 Obtaining the GSD of rock-avalanche deposits 
3.2.1 Problems and solutions 
Numerous problems exist in the primary study aim to characterise the grain-size distribution of 
rock-avalanche deposits, perhaps the reason why so few studies have been carried out. Previous 
research has noted the absence of qualitative studies of grain-size distributions (Casagli et aI, 2003, 
in the case of landslide dams) and have stated problems such as the impracticality of traditional 
bulk sieve and pipette analyses on deposits that may range from blocks tens of cubic metres in size 
to microscopic particles. Other studies have noted that the variability in fragmentation may 
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completely preclude characterisation of the complete GSD of a rock-avalanche deposit 
(McSaveney and Davies, 2002). 
It is not only the size of clasts that creates problems; the minimum size of a rock avalanche is by 
defmition, 1 x 106 m3 (Section 2.4.1), though they range up to km3 in size - the Flims rock­
avalanche deposit that will be used within this study is approximately 10-12 km3 in volume 
(Schneider et aI, 2000). This means that a sampling regime needs to be devised to accurately 
characterise either the entire mass, or stated, distinct smaller identifiable regions (a facies 
approach). Traditional methods to characterise the entire mass would require that 1 km3 of rock­
avalanche debris would need to be sampled and sieved to represent just 10 % of the deposit 
volume, impractical and requiring several lifetimes of sampling. It must be accepted that it is 
impossible to characterise the GSD of deposits using bulk sieving approaches and the question 
would then remain - has the bulk sieving destroyed sedimentological detail in favour of bulk 
characteristics? 
The morphology of deposits may also dictate that much of the deposit volume is inaccessible 
beneath a small surface area in the case of valley confined deposits (Figure 2.2 and Figure 2.4), or 
spread thinly with only a thin interior difficult to remove the sampling mass required in the case of 
unconfined lobate deposits, for example Denali (Figure 2.3) or Sherman Glacier (McSaveney, 
1978). Any sampling regime should be capable of comparing deposits of vastly differing 
distributions of mass and admit that sampling is limited to natural sections of varied orientations 
and depth. Natural sections are realistically the only sampling sites of rock-avalanche deposits, 
large scale drilling or cutting is only viable if the deposit lies across a route that will be engineered 
for other purposes beyond academic research - for example the rail cutting in the Frank rock 
avalanche, Canada (Cmden and Hungr, 1986) or the Flims tunnel construction (Poshinger, 2004, 
personal communication). Even so, the sections are then not cut to a geomorphologist's desired 
orientation. It is therefore necessary to ensure erosion in natural sections has not modified a 
deposit interior and created secondary features such as re-deposition of material, slumping, creep, 
rock fall, topple or other secondary mass movement (Figure 3.1) deposits that mask original 
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Figure 3.1 Secondary mass movement of a block of partially cemented rock-avalanche material 
overlying the in-situ rock-avalanche deposit, Karakudjur rock-avalanche deposit, Kyrgyzstan. 
structure and could be inconectly sampled. A prime example of section modification is found at 
the Flims rock-avalanche deposit (Switzerland). An interpreted failure of a lake (Wassmer, 2002) 
held back by the deposit has eroded material and redeposited it, sometimes as prograding delta 
foresets (Heim, 1932, Schneider et af, 1999) that can easily be confused with rock-avalanche 
structures. 
Natural sections take time to be formed placing a limit on how quickly after deposition a rock 
avalanche study can be carried out. Some of the most recent events with well constrained 
triggering events and consequences can not be studied until the natural processes of erosion take 
place. 
Attempts have been made to work around these problems of sampling. Casagli et af (2003) tried to 
determine the grain size of sixty landslide dams in the Northern Apennines, itaJy, by combining 
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two methods, grid by number (using survey tape and photographic techniques) and sieving on the 
finer than 16 mm material iflarger than 12 per cent; only forty two deposits could actually be 
sampled due the problems of poor natural exposure and vegetation cover. McSaveney (2002) has 
used sieve data from removed small (1 - 2 kg) samples of rock-avalanche deposits in New Zealand 
to characterise the grain size. In the Tien Shan of Kyrgyzstan, Strom and Pernick (2004) have used 
traditional sieve techniques and pipette analyses on individual samples as large as 50 kg to attempt 
to be more representative for a deposit. 
3.3 Field data collection 
3.3.1 Introduction 
With knowledge of the problems of sampling rock-avalanche deposits, a sampling regime was 
designed to characterise the GSD with minimal error. Before the sampling method could be 
developed suitable rock-avalanche deposits needed to be identified. As previously described, 
sampling usually relies upon natural sections that take time to be created. This needs to be 
balanced with the age of the deposit; a younger deposit is often a better constrained one in terms of 
date of failure, triggering event, volume and other conditions pre and post-failure. For this reason 
study was directed to New Zealand, where extremely high geomorphological activity and abundant 
rock avalanches of varied ages (Whitehouse, 1983) allow for maximum potential data collection. 
High erosion rates have allowed many deposits to be fully dissected from surface to base in days 
(usually via overtopping breach development), months or years, for example Falling Mountain, 
(McSaveney and Davies, 1999) and Poerua (Hancox et at, 2000). The full description of the 
conditions in New Zealand and the deposits selected are contained in Chapter 5 and Chapter 6. 
Study has also been carried out at the Flims rock-avalanche deposit, Swiss Alps, due to the known 
presence of large scale exposures cut by the River Rhine (Heim, 1932; Schneider et ai, 1999). 
Flims offers the chance to study a deposit orders of magnitude larger than those in New Zealand 
and in a rock type not found withjn the New Zealand deposits. The Flims rock-avalanche and the 
surrounding area are described in Chapter 4 
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Initial study reconnaissance to determine the GSD used a sampling method that will be termed the 
Preliminary Sampling Technique (PST) as described below. Use of PST showed limitations in its 
ability to determine the GSD of all rock-avalanche deposits. In particular, PST is limited to rock­
avalanche deposit interiors where the maximum grain size is :s 16 rom. Above this clast size the 
sample size of - 1 kg is not sufficient to represent the GSD, a single clast of a larger than 16 rom 
size can significantly skew the grain size data due to its weight. This becomes more of a problem 
using standard sieve sizes for grain size distribution classification, above 16 rom (-4 phi) where phi 
(0) is: 
Phi = log2 diameter (rom) 
the next full size is 32 mm (-5 phi), a large jump. To determine the GSD of deposits with a larger 
clast size a further method was developed, itself raising further questions that have been resolved. 
This redesigned sampling regime is termed the Evolved Sample Method (ESM). The ESM is 
capable of accurately defming the grain size distribution of rock-avalanche deposits with clast 
sizes ranging from 256 mm to 0.002 rom (-7 phi to +9 phi). The number of samples required for 
ESM to characterise a whole rock-avalanche deposit is dependent upon the complexity of the 
structure of the deposit and so requires initial reconnaissance mapping and sedimentary 
examination to develop a facies approach. 
For the results and interpretations of this study only data obtained with the ESM are used where 
any doubt can be raised that PST is unsuitable. The PST is still a valid method for initial study as it 
allows first approximations to be made about a deposit. PST is to be preferred for reconnaissance 
work where it is impractical to carry sieve sets and equipment and allows a decision based on 
results to be made on the worth of sampling using ESM. 
3.3.2 Preliminary Sampling Technique (PST) 

The PST aimed to assess the GSD of the interior of rock-avalanche deposits with minimum sample 

collection and removal- a consideration for labour and time when attempting to maximise the data 
set. Initial observations and previous studies show that only the upper part of a rock-avalanche 
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deposit have blocks in the order of metres across (Davies, and McSaveney, 2004). After 
identification of natural sections clear from secondary erosion features a number of samples are 
taken from a deposit. At each exposure the number of samples taken and their individual locations 
were biased and not random as in recent work (Casagli et aI, 2003, Strom, personal 
communication, 2003). Sampling bias at each section is based upon a number ofcriteria: 
1. 	 Visible variations in grain size/degree of fragmentation 
2. 	 Visible variations in lithology 
3. 	 Evaluation of 'damage' caused to fragile lithologies 
Samples using the PST are removed non-destructively using a blunt shovel and placed in 1 kg 
sample bags for laboratory analysis (Section 3.4) to determine the GSD. 
3.3.3 Evolved Sample Method (ESM) 

The evolved sample method (ESM) has been designed to better characterise the full size range of 

clasts observed within rock-avalanche deposits as opposed to the size limits of the PST. The 
method involves three phases and a correction / calibration step. 
1. 	 Field sieving of 10 - 12 kg per sample, maximum clast size 256 nun. 
2. 	 Removal of - 1 kg of material passing 8 mm sieve per sample. 
3. 	 Laboratory analyses using sieving and laser diffraction on removed sample. 
4. 	 Correction of field sieve data to room temperature and humidity using formula derived 
from drying of sealed field samples of varied clast sizes / clast assemblages. 
As described in the PST, sampling of rock-avalanche deposits is biased, partially by the orientation 
of natural sections and partly due to exposure complexity. In the case of the ESM maximum 
samples are removed in exposures that show visible zones of grain size variation or structure 
variation - such as preserved banding, fracture zones or proximity to basal/surface interface. In 
regions that show no such structure, appear monolithologic and contain no visible variations in 
grain size fewer samples are removed but are taken are taken at varied heights to test for minor 
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variations present that have gone unobserved. It is important at this point to note the trade off of 
individual sample size, for ESM a size of 10 - 12 kg has been used and is deemed accurate to 
determine grain size distributions where the maximum clast size is 256 nun or less. It is entirely 
possible to take individual sample sizes of far larger than 10 - 12 kg, capable of characterising 
deposits with a maximum grain size in excess of256 mm 
Field observations show that the maximum clast size in the interior of rock-avalanche deposits are 
usually not larger than - 256 mm. Taking samples as large as 50 kg (Strom and Abdrakhmatov, 
2004) to better characterise deposits when the maximum grain size is probably no larger than 256 
mm risks far more than it gains. In many exposures the structure visible is in the order of less than 
one metre to a few metres in the case of preserved banding. The removal of 50 kg ofrnaterial risks 
missing much of the important grain size variations created by preserved lithological banding or 
grading within bands in favour of crude overall exposure averages. 
Table 3.1 Table showing sampling problems encountered whilst trying to determine the grain size 
distribution of rock-avalanche deposits and the relevant solutions. 
Sampling problem / error 
PST only accurate if clast size ~ 16 mm because 
of - 1 kg sample size. 
Impractical to field sieve accurately to small 
sizes. 
Material passing 8 mm sieve often > 8 kg for 
each sample - impractical. 
Field sieving of wet samples whilst laboratory 
work on oven dried samples. Expected difference 
in how moisture held by coarse individual clasts 
and collected fmes - affects sieve weights. 
Samples may contain significant (> 10 % by 
weight) of material < 63 !lm (+ 4 0) that sieve 
method cannot accurately measure. 
All methods have error when calculating particle 
size, type of error and magnitude is different for 
each method and so error becomes inconsistent 
for different size classes after combination. 
Solution in Evolved Sample Method 
Field sieve larger sample of 10 - 12 kg, 
allows max clast size of 256 mm, larger 
possible. 
Remove material passing 8 mm (-3 0) sieve 
for laboratory analysis. 
Take representative sample (1 kg) of < 8 mm 
for laboratory analysis. 
Collection of wet clasts of varied sizes and 
clast assemblages, sealed airtight and then 
weighed, oven dried and reweighed to correct 
all field data to dry room temp/hurnidity 
laboratory conditions. 
Use of hydrometer, pipette or laser diffraction 
(LDM) to analyse fine fraction below 63 !ll1l. 
Use of laser diffraction method (LDM) as 
least errors method for GSD when in 
combination with sieving, see text for details 
onLDM. 
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3.4 Laboratory techniques 
Use of either sampling technique outlined above does not complete the work necessary to calculate 
the GSD of a sample. Laboratory work is used to determine the distribution of the whole sample 
when using the PST, and on the < 8 mm fraction when using the ESM to combine with field sieve 
data. In addition, when using the ESM work is required to correct field data to laboratory 
conditions of temperature and humidity as field sieving involved samples retaining moisture. The 
three laboratory techniques used are: 
1. Sieving from maximum clast size to 0.063 rom (+ 4 phi) 
2. Laser diffraction (LDM) on fraction < 0.063 mm if> 10 % by weight 
3. Moisture content analyses using sealed, wet field samples 
What follows is a description of the techniques theoretical basis and use. Step by step guides to the 
usage of the techniques can be found within the relevant British Standards testing manuals (BS 
1377: 1975 for example for sieve technique). 
3.4.1 Sieving 
In the field, the ESM mass sieved at full phi intervals from a maximum of 256 mm to a minimum 
8 rom (- 8 phi to - 3 phi). In the laboratory full phi sieving was carried out to analyse the fractions 
finer than 8 mm for the ESM and for the full size range present in a sample for the PST down to 
0.063 mm (the lower limits of sieve analyses, McManus, 1988). Folk (1974) claims that sieving 
for research purposes should be carried out at quarter phi intervals, full phi intervals are said to 
give results that are too broad. This work related to small samples 000 - 70 g (Folk, 1974), in the 
case of rock-avalanche deposits with the large range of grain sizes present and the samples sizes 
full phi intervals are adequate for grain sizing. Halfphi sieving (Appendix A) was carried out upon 
the fine portion (below 3 phi) for Flims samples taken using the ESM to check that useful grain 
size variations were not being missed using full phi sieve intervals, this work confirmed that full 
phi sieving is adequate. GSD histograms of the sieve results for all samples are contained in 
AppendixA. 
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Sieving was carried out on oven dried samples, by hand and in individual sieves with loading in 
each below those suggested in BS 1377:1975. Mechanical shakers are not used as they are capable 
of further dis aggregating samples and preliminary testing showed that mechanical shaking of a 
sieve set left fines adhering to coarse clasts and the sieve sides. Material retained in each sieve 
were examined for aggregates and retention of fines before being weighed to 0.1 g accuracy. The 
particle size determined is a function of clast morphology and corresponds to the intermediate size 
or width (Wen et ai, 2002) of clasts. After sieve analyses is complete sieve error can be calculated, 
this is the percentage of material lost during the sieve process. There are a number of ways to deal 
with this sieve error: 
1. 	 Redistribute the error over all size classes. 
2. 	 Ignore error if it can be considered negligible. 
3. 	 Accept that an unacceptable error is being induced and rectify if error is large (> 2 - 3 %) 
- e.g. a sieve may have a bent rim where material is lost. 
Redistributing the error is not suitable; at the extreme tails of a distribution the sieve error can be 
as large as the weight of material in a class. In the middle of the distribution it will make no 
noticeable difference, redistributing the error is biased and will only affect the tails. In addition to 
this, no sieve error is available for field sieve data where an exact measure to 0.01 g is not possible 
on the initial sample weight of 10 - 12 kg. Ignoring the error is preferable in the methods used in 
this study. The loss of 1 % in the laboratory only corresponds to - 1 g, only a 0.01 % error when 
considering the total sample size of 10 - 12 kg when all the data is combined, insignificant and 
negligible when compared to the error inherent in sampling natural materials in the field. In the 
laboratory work sieve loss rarely exceeded 0.5 % (usually below 0.15 %) and so it is deemed the 
accurate method to ignore sieve loss error in the data. 
3.4.2 Laser diffraction 
If an individual sample contains> 10 % by weight of material < 0.063 rum (+ 4 phi) it is 
considered significant and it then becomes important to constrain the proportions of grains sizes 
present in this fine fraction. Use of a Laser Diffraction method (LDM) is the most accurate 
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(Murray, 2002, and Wen et ai, 2002) and replicable (Wen et al, 2002) methodology to determine 
the grain sizes of material ranging from 0.063 mm to 0.002 mm (+ 9 phi). Other methods such as 
pipette or hydrometer are time consuming and provide little detail of the clay fraction of a sample 
(Murray, 2002). LDM assumes that the particles to be analysed are spherical and so the particle 
size calculated is the optical spherical diameter (Wen et ai, 2002) and the results given are in terms 
of volume as opposed to direct weight as calculated using sieve analyses. The principle behind 
LDM is that spherical clasts diffract light through a given angle, this angle decreases with 
increasing particle size. At its simplest the LDM uses detectors to measure the density of diffracted 
monochromatic light passed through a sample cell. The sample cell contains the sample of interest 
mixed ultrasonically in a fluid medium, usually water. To actually calculate the particle size from 
this light density data one of two theories of diffraction is used, Mie theory or Fraunhofer theory. 
The Mie theory of diffraction requires knowledge of the mineral composition of a sample (Murray, 
2002), two values for the refractive index of the sample (one real, the other imaginary and related 
to absorption), and a value for the refractive index of the fluid medium. This custom model shows 
increased accuracy below 10 !-lm (Fritsch Analysette 22 Manual, 2000), corresponding to the 
wavelength of the light source. Fraunhofer theory in contrast does not use values based on the 
mineralogy of the sample, just the relationship of particle size and angle of diffraction such that 
intensity I, and particle optical radius, r, follows (after Singer et aI, 1988): 
CD 
1(8) = 11 82 Jo r n (r) J\ (8 k r) d r {k = 2 1t fA. } 
where 8 is the scattering angle, n (r) is a size distribution function, A, is the light source 
wavelength, and J 1 is the Bessel function of the first kind. Fraunhofer theory is accurate in the 
range of 2 rom - 0.4 !lm (Murray, 2002), a range that is suitable for rock-avalanche deposits and is 
useful in that a custom model does not have to be created for each as in Mie theory usage for each 
sample lithology. 
The sample is added to a fluid medium in the sample cell, usually water. Recent work (Murray, 
2002) has suggested that water is not ideal and a solution of 1 % Calgon dispersant (sodium 
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hexametaphosphate and anhydrous sodium carbonate) with water obtains more accurate grain-size 
distributions. 
However, with a Calgon solution in the sample cell the obscuration reading becomes unstable, a 
problem not apparent with water (Murray, 2002). In contrast to Murray (2002) no variation was 
observed in obscuration values, indeed little variation was noticed between Calgon solutions and 
just water suggesting that cohesion is not a problem with the fine content of rock avalanches. To 
maintain accuracy samples were tested with distilled water, with a Calgon solution and also with 
the material added as a paste made with Calgon rather than added as a dry powder. The results 
using the differing test conditions were nearly identical, it appears in the case of rock-avalanche 
material cohesion and aggregates are insignificant - probably due to the lack of clay content. 
Example LDM plots are shown in Appendix B. In brief, the differences between test using LDM 
conditions are summarised in Table 3.2. Details on how the results calculated in LDM are 
combined with those gained for sieve analyses follow in Section 3.5.l. 
3.4.3 Moisture content correction 
Sampling carried out using the ESM require a calibration step as laboratory sieving is carried out 
on oven-dried samples whilst field sieving uses samples that are often wet and so heavier. As 
described in Table 3.1 wet samples of varied sizes and assemblages, including clasts up to 128 IIUll 
were collected for moisture content analysis. In the laboratory these wet clasts, sealed in airtight 
bags since sampling are weighed before being oven dried at 60°C for 48 hours. Samples are then 
Table 3.2 Table showing three test conditions used in LDM for calculating grain size distributions 
of material < 63 fLm when> 10 % by weight after sieve analyses. 
Condition Technique 

Dry sample added to sample cell. Sample cell containing distilled water. 

Sample made into a paste with dispersant and added to sample cell containing 2 distilled water. 
Sample made into paste with dispersant and added to sample cell containing a 1 3 % dispersant solution (dispersant + distilled water) 
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removed from the oven and left for a further 24 hours to equilibrate to laboratory temperature and 
humidity conditions that laboratory sieving has been carried out at. After the samples are 
reweighed the moisture content can be calculated. This has been carried out for clasts of varying 
sizes. In addition, Wlder the ESM samples of approximately 1 kg of material < 8 mm in size are 
removed from the field, this is also weighed in the field before being sealed in airtight bags. This 
material is subjected to the same drying and weighing as the coarse clasts described above. This 
then allows the moisture content of the fine fraction to be analysed, important to determine the true 
weight of fines < 8 mm that the representative 1 kg was removed from. 
When combined with the coarse clast moisture contents, this gives the complete calibration of wet 
weight to dry weight for all clast sizes of a deposit. Any field sieve data can be recalculated to 
laboratory conditions as well as the material < 8 mm from which 1 kg was removed. The line of 
best fit through a graph of wet weight versus dry weight yields the formula: 
y=mx+c 
where y is the dry laboratory sample weight, m is the gradient of the line of best fit, x is the wet 
collected sample weight, and c is the intercept of the line of best fit. 
Without this calibration step all field data overestimate the weight of material present. It was also 
Wlknown if the differing clast sizes would be affected by the moisture content to the same extent, 
it was expected that the mixture of sizes in the removed 1 kg matrix « 8 mm fraction) would hold 
proportionally more moisture than the large single clasts due to pore space between clasts and that 
different calibrations would be required for each size division. Results show that a good line of 
best fit is possible through the whole size range sampled and so only one calibration equation is 
required for each deposit. 
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When ESM has been used to sample a rock-avalanche deposit the corresponding moisture 
correction formula and graph is provided. All grain size data presented in the results of this 
research are corrected to laboratory conditions. 
3.5 GSD calculations 
The calculation of the relative proportions of each particle size by weight is the GSD. This 
distribution can then be represented by a number of graphical and statistical means often using 
further calculations. Before the basic grain size distribution can be calculated the different forms of 
data described above need combining into one set of data per sample. 
3.5.1 Data combination 
Using the field sampling methods outlined in Section 3.3, the laboratory techniques in Section 3.4, 
and the moisture correction step where necessary, data are available to calculate the GSD for each 
sample. This requires the combination of weights calculated during sieving and volumes calculated 
during LDM. The combination of any two differing methods induces error; this is unavoidable in 
samples where knowledge of the grain sizes below 63 11m is required. As stated in Section 3.4.2 
LDM is the most accurate of the various techniques available to determine the fine grain sizes 
present, but how accurate is it to combine the different measures? Wen et at (2002) compared a 
sieve-hydrometer method with LDM for soil samples. Fine sieves from 63 11m to 38 !lm were used 
to replace poor hydrometer readings (already suggesting hydrometers are not a good method) and 
yielded results showing that in this range, sieving and LDM proved very close. Below the 38 !lm 
sieve the poor hydrometer method had to be employed by Wen et al (2002) and LDM is 
recommended as the best technique. In this study, the combination of the sieve data and the LDM 
data is not viewed as a significant error. They are the two most accurate ways of determining grain 
sizes at the respective size ranges used. LDM is deemed preferable and better to combine with 
sieve data than the less accurate pipette or hydrometer methods. 
The combination ofLDM data in volume and sieve data in weight per size class is solved using the 
software provided with the Analysette 22 (Fritsch) that is capable of outputting an equivalent 
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cumulative weight percent distribution based on the LDM volume measurements. Examples of this 
output are provided in Appendix B. 
3.5.2 Descriptive statistics 
Once data has been combined the GSD is calculated in terms of weight percent in each size class, 
in this case at full phi intervals. Using these data a number of descriptive statistics can be 
calculated that are essential in sedimentological investigation. Many of these statistics can be 
calculated graphically, that is directly from histogram plots or cumulative frequency curves. 
Method of moment statistics, however, calculating the same statistics, is a computational method 
that assesses the role of each clast in the whole distribution. As method of moment statistics are 
affected by every single clast in the sample they provide a more accurate result over graphical 
measures that rely on a few selected percentage lines prone to error (Folk, 1974). 
For this study a sedimentological computer package has been used to analyse the GSD data in 
weight percent form for a number of statistical parameters. This has the advantage of being far 
quicker and more accurate than hand calculations and allowing method of moment calculations to 
be carried out along with graphical calculations. The computer package used is GRADISTAT 
(Blott and Pye, 2001) and is run through Microsoft Excel 2003 for Microsoft Windows XP on a 
standard Personal Computer. The statistics calculated are; mean, mode(s), sorting (standard 
deviation), skewness, kurtosis, various cumulative percentile values and the weight percentage of 
gravel, sand, clay, and mud. The formulae used to calculate these values and the tables relating 
these values to descriptive terms such as 'well sorted', 'very fine skewed', and 'very leptokurtic' are 
provided in Blott and Pye (2001) and reproduced in Appendix C. 
3.6 Fractal dimensions 
As discussed in the introduction, the use of fractal dimensions in the study of materials such as 
fault gouge and cataclastic flow is becoming important in recent research. This technique can also 
be applied to the data collected in this study, if the data fit a self-similar pattern (power law) as 
opposed to other forms of distribution such as the Weibu11 distribution (Grady and Kipp, 1987; 
Strom and Pernik, 2004), or log-normal (Sammis et aI, 1986). Many ofthese previous studies have 
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utilised 2-dimensional slide techniques or the scanning electron microscope (S.E.M.) (Sammis et 
ai, 1987, Marone, 1989). If the rock avalanche sieve data are fractal in nature, that is, essentially 
identical at all scales (Hooke and Iverson, 1995) a method exists to calculate the fractal dimension. 
The method (Hooke and Iverson, 1995) uses number of particles rather than weight as calculated 
by sieve analyses such that: 
6(4-m)W d 2(t-m)_dt(l-m) 
7t p (1- m) d2(4-m) - dj (4-m) 
where, N (dt, d2) is the number of grains between d t and d2 (sieve sizes), m, is the fractal 
dimension, W, is the weight on a sieve screen (d j ), and, p, is the density of the clasts. The resulting 
value N (d j , d2) calculated using a trial value of m can then be plotted (log-log) against the mean 
grain size in the sieve range d j to d2 such that: 
'- 6 W 1I3Jd= LN (dj , d2) 1t p 
If the material is fractal in nature a straight line of best fit can be plotted as opposed to a curve if 
the material in non-fractal. The gradient of this line of best fit gives a new value for the fractal 
dimension, m. Hooke and Iverson (1995) recommend repeating the procedure until the value of m 
is to two decimal places, usually two or three repeats. Density, p, used in the calculations had been 
measured for each clast type but is not critical, the value has no effect on the gradient of the line of 
best fit and so no effect on the fractal dimension, m only the numbers of clasts. 
This methodology will be tested against the grain-size data collected from rock-avalanche deposits 
to assess if they are self-similar in nature or follow other statistical relationships. This may prove 
useful for process interpretation or as a predictive method of calculating landslide 
sedimentological properties. 
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4 THE FLIMS ROCK-AVALANCHE DEPOSIT 
4.1 General geology 
The Flims rock-avalanche study region is located within Canton Glarus in the east of Switzerland 
close to the east / west trending Rhine (also known as Rhein or Rhein Anteriur) valley. The region 
is geologically located in the Helvetic tectonic-lithological zone of the Swiss Alps (Figure 4.1). 
The zone is underlain by the east plunging Tavetsch basement composed of Palaeozoic granites, 
gneiss and quartzose clastics. Much of the original Helvetic basement is interpreted to have been 
thrust under the larger Gotthard Massif, concluded from the fact that the Helvetic facies belt 
should have been at least lOOkm wide, considerably wider than the Tavetsch (Trumpy, 1980). This 
subduction of continental lithosphere is known as Ampferer-subduction or A-subduction (after 
Ampferer and Hammer). 
The term Helvetic nappes should strictly refer only to the cover thrusts and recumbent folds in the 
High Limestone Alps of Switzerland extending from Lake Geneva to the Rhine Valley where 
Flims is situated. The stratigraphy of the area is also termed Helvetic, although the term has been 
applied to other regions of similar origin and consists of Mesozoic sediments (Figure 4.2) 
deposited on the passive continental margin below. In eastern Switzerland the pile of nappes from 
bottom to top contains the Glarus, the Miirtschen and the Santis nappes. The nappes in the 
Helvetic zone are decollement structures and only involve the stripped off sedimentary cover, they 
are detached from the basement and are so known as cover nappes. These overthrusts have all 
transported from south to north, the sediments of the highest nappes were originally the most 
southerly paleo-geographically (termed South Helvetic), the sediments of the lowest nappes the 
most northerly (termed North Helvetic). 
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Figure 4.1 Geological sketch map of the European Alps showing the major tectonic-lithological 
zones, their thrust-fault contacts (barbs on upper plate) and the extent of late Pleistocene glaciation 
(Eisbacher and Clague, 1984, Fig. 41) . The study region of Flims is marked by the red box in the 
Helvetic zone. 
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Figure 4.2 Basic geology of area surrounding the Flims rock avalanche (simplified from Thruo, 
personal communication, 2001). The geology is composed of Eocene/JurassiclPermian sediments 
overlying each other at low dips in reversed stratigraphic order due to thrusting along tbe Glarus 
thrust transporting S - N. Arrow on X-Section denotes depression noted in text. 
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The nappe of interest is the flat Glarus Overthrust, "the prototype of the Alpine nappes" (Hsu, 
1995), a flat thrust first studied in the 1840's for its anomalous stratigraphy_ The stratigraphy 
consists of Eocene flysc h, the upper part of which is known as the Sardona flysch characterised by 
a shear zone of mixed rocks including a sandstone unit that can be considered Ultrahelve tic - of a 
higher tectonic unit overthrust above the Helvetic nappes. Overlying the flysch are Jurassic 
limestones that are often mylonatised, that are in turn overlain by Permian Verrucano, a sandstone 
conglomerate and the oldest unit of the Helvetic nappes in the study area (Figure 4.2). It was not 
recognised as a thrust until Bertrand put the theory forward in 1884, previous explanations 
invo lved a mushroom like double fold geometry and an overturned syncline (Trumpy, 1980) . The 
anomalous stratigraphy was studied extensively at the famous Martin's Loch, a natural hole in the 
Tschingelhdrn (2850m) on the edge of the Segnas valley near the Flimserstein (2694 m) - the 
presumed source of the Flims rock avalanche (Figure 4.2, Figure 4.3, and Figure 4.4). Geological 
younging structures such as graded bedding enabled the disproving of the beds being overturned 
and led to greater acceptance of thrusting to account for the Eocene / Jurassic / Penman 
stratigraphy visible throughout Canton Glarus. 
4.2 Introduction and setting 
The Flims rock avalanche , the largest such deposit known in Europe is named after the twin 
villages of Flims Dorf and Flims Waldhaus 3 km north of the east - west trending Rhine va lley 
(Figure 4.3). The rock avalanche is believed to have fallen around 10000 years ago from the 
southern side of the Flimserstein (2694 m) (Figure 4.3 and Figure 4.4). The rock avalanche 
travelled south and impacted the northern spur of the Segnina Mountains 7 - 10 km from the 
source which divided the flow east and west along the Rhine valley and formed a natural dam. The 
resulting rock-avalanche deposit covers almost 60 km2 (Figure 4.5) up to depths of over 300 m in 
places. The interior of the deposit crops out in many river sections including kilometres of 
continuous section exposed by the River Rhine (Figure 4.5) to depths of hundreds of metres, 
known as the 'Grand Canyon of Switzerland ' . 
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Figure 4.3 Geomorphological sketch map of the Flims rock-avalanche deposit and surroundings, 
inset for study region. The deposit has undergone considerable modification at the margins and 
surface due to more recent deposits and initial danuning of the River Rhine with subsequent lake 
formation on the west, whilst the east is complicated by the earlier Tamins rock avalanche and the 
syn-rock avalanche Bonaduz gravels. Map based on Nabloz, (1975, in Trumpy, 1980), and 
Schneider et ai, (2000). 
Figure 4.4 Montage of the Flimserstein source region from north (left) to east (right). The smooth 
limestone slope that dips south in the foreground has been implied to be the slide/ tililure plain of 
the rock avalanche and is almost a dip slope, matching the dip of the beds in the background cli ffs 
(several hundred metres high). 
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4.3 Rock avalanche trigger and age 
The trigger for the Flims rock avalanche has not been specifically identified but observations 
suggest that the main cause of large-sca le mass movements in the Alps is glacial over-steepening 
(Abele, 1994). Problems exist because of the assumed age of the deposit, long before records 
could be kept, either Lateglacial (9500 - 15500 years B.P.) (Abele, 1997),8000 - 9000 years B.P. 
(Schneider et ai, 1999), or over 10000 years ago (Heim, 1932). Most evidence for the age of the 
deposit comes from glacial moraine and erratics and their relation to the depos it and the Bonaduzer 
Scholter (Figure 4.3, lit. Bonaduz gravels), a wet debris flow mobilised by the Flims rock 
avalanche (Abele, 1997) . Heim (1932) based his own early interpretation of the age of the deposit 
on it being older than all buildings on piles in the deposit area. More recent work using 
radiocarbon dating on several Swiss landslide deposits (Dapples e l aI, 2003) seems to support 
Heim's early interpretation. Five periods of enhanced landsliding during the Lateglacial and 
Holocene have been identi fied in the Swiss Alps, 750 - 300, 1700 - 1150, 2100 - 3500, 4800 ­
6250, and 10250 - I 1500 years B.P. (Dapples el aI, 2003). It is therefore possib le that the Flims 
rock avalanche can be placed in the enhanced time of landsliding in the Preboreal Clu-onozone of 
10250 - 11500 years B.P. To fit with evidence that the rock avalanche was not advanced over by 
the Vorderrhein glacier but instead carried accumulated moraine (Abele, 1997) the deposit must be 
linked with a time of glacial retreat with only minor subsequent advances (Maisch et aI, 2000) 
within this enhanced landslide time. The age that fits this glacial pattern whilst still remaining in 
the enhanced landslide time of 10250 - 11500 years B.P is approximately 10500 yea rs B.P . At 
other times in the enhanced landsliding period the deposit would have undergone a major glacial 
readvance (Dapples e l ai, 2003, and Maisch el aI, 2000), not supported by previous research . No 
observations taken dispute the age of the deposit as Lateglacial or infer any specific triggering 
event; for this study, the triggering factor and age are not considered as variables as they have no 
knOWll affect on non-volcanic deposit interior sedimentology. Research (Glicken, \998) suggests 
rock avalanches triggered in association with volcanoes are complicated by temperature and gas 
components related to the trigger mechanism. 
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Figure 4.5 Map of the extent of the Flims rock avalanche. Features of note include ; lakes on the 
deposit surface with no visible input or output, extension of the deposit along river valleys, and, 
termination against opposing steep valley slopes to the south. Sample si tes are marked in red and 
coded as explained in text. 
Figure 4.6 Cliffs formed entirely of rock avalanche material , R.Rhine gorge opposite Versam 
sample locality (Ve). The cliffs are -150 m high and show preserved stratigraphy of dark and light 
bands of fragmented Maim limestone. The surface of the deposit is highly vegetated, masking all 
structure. 
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4.4 Rock avalanche source 
The source of the rock avalanche is presumed to be the large mass of the FlimsersteiniCrap de 
FIem, a relatively flat-topped mountain ranging from 1953 m - 2694 m in height with a 500 m 
high southern cliff-line (Figures 3.2 to 3.5). The Flimserstein is composed mainly of Jurassic 
MaIm limestone that dips gently to the south - out of the cliff face (Figure 4.2, and Figure 4.4). 
MaIm limestone is a cormnon cliff-forming rock in the Alps and tends to fail spectacularly along 
dip slopes and scarp faces, as opposed to flysch regions that tend to undergo deep-seated slumping 
and creep (Eisbacher and Clague, 1984). Small outcrops of Eocene flysch that have been thrust 
above the Jurassic MaIm are observed on the higher northern end of the Flimserstein (Figure 4.2). 
Flysch material is not inferred to have been involved on the failure surface nor within the deposit 
as it is above the assumed failure plane and not observed in the final rock-avalanche deposit. 
Failure is confmed entirely to the southern Flimserstein composed of Maim limestone. To the west 
the failure region is considered not to reach as far as Crap Sogn Gion as the peak is composed 
entirely of Permian Verrucano conglomerates (Figure 4.2) that are also not observed in the final 
rock-avalanche deposit. The original failure surface is almost impossible to distinguish due to the 
age of the failure and subsequent weathering action upon the limestone. However a steeply 
inclined surface with gouges orientated down flow can be observed at GR7385-1925 that has been 
inferred to be part of the slide plane preserved (Wassmer, 2002). Field observations (Figure 4.4) 
do not dispute this observation and interpretation. 
It is important to note that the Flimserstein is the source region of several historical and more 
recent rock avalanches. The most recent in 1939 killed 18 people. Most of these rock avalanches 
and the more frequent smaller events such as rock fall have been associated with heavy winter 
snowfall and existing fracture surfaces. These more recent deposits mantle the major Flims rock­
avalanche deposit under study (Figure 4.3 and Figure 4.7). 
4.5 Rock avalanche morphology and extent 
The Flims rock avalanche is the largest currently known in Europe with a volwne estimated at 
between 1 x 1010 m3 (Eisbacher and Clague, 1984) and 12 x 1010 m3 (Heim, 1932), the discrepancy 
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Figure 4.7 Aerial view looking west to the Flimserstein, the source of the rock avalanche. The 
limsestone dips gently south (left) in the direction of failure. A more recent mass movement can be 
seen in the foreground. The Flims rock-avalanche deposit covers all of the vegetated area to the 
left and centre of view (outlined). From postcard No.20 176, Photoglob liirichIYevey. 
-

Figure 4.8 Aerial view north over the deposit with the source ~ 8 Ian away to the northeast. The 
inferred deposit boundary is marked with a dashed line, sample sites visible in view are marked 
with arrows. The deposit is difficult to recognise due to the vegetation and age but the light 
material cropping out in the river valley (Ual de Mulin) is entirely rock avalanche debris. The 
Rhine valley is just out of view but the tree line along the bottom marks its path. From postcard 
No.20 166, Photoglob Ztirich/Vevey. 
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being based on map interpretation_ The deposit covers almost 60 1an2 (Figure 4_5, Figure 4.6, 
Figure 4.7) of Alpine valley terrain and fills the Rhine valley for 15 km (Figure 4.5 and Figure 
4.6), reaching a thickness of over 300 m. The River Rhine has still not dissected to the rock­
avalanche deposit base. The deposit is able to form and hold stable vertical cliffs (Figure 4.13), 
giving rise to the gorge known as the Swiss Grand Canyon. Detailed mapping of such a vast 
deposit was impossible within the scope of this study and was deemed unnecessary as most 
surficial features are obscured by dense vegetation or alpine pasture. Maps of the Flims deposit 
have been created by Nabholz (1975, in Trumpy and Trommsdorff, 1980) and Abele (1970). 
Along with Heim's (1932, translated by Skermer, 1989) original sketches and observations these 
maps and observations are accurate and are still used (for example Schneider et aI, 2000, Abele, 
1997). For the purposes of this study a modified version of the Nabholz (1975) map (Figure 4.3) 
was used to check sample localities against the whole deposit setting, for example, was the sample 
locality marginal, close to complicated modified regions or within a more recent landslide 
complex. What follows is a description based upon field observations backed by the deposit map 
confmned by ground-truthing and observation and published work. Checking of previous 
published maps involved field investigation of the major boundaries and features of the deposit. 
Particular attention was paid to regions that were subsequently sampled to make sure that the 
deposit maps are accurate and did not need reinterpreting and re-mapping. No major inaccuracies 
were found with the range of published maps used for the study and sampling was not carried out 
in regions that are still under debate such as the lateral margins discussed below. 
The Flims rock avalanche travelled south from the F1imserstein source region crossing the Rhine 
valley and impacting against the northern spur of the Segnina mountains (Figure 4.5). As the 
avalanche was blocked from further travel southward the rock avalanche diverted up and down the 
Rhine valley (flow WSW - ENE), 113 up flow and 2/3 down flow (Heim, 1932). In cross-section at 
this point of flow diversion a large depression can be observed (Abele, 1997) (Figure 4.2), this is 
noted as unusual as it is expected that on impact with a slope a large amount of material is 
deposited. A possible explanation has been that the depression represents the loss of material as it 
diverted along valley instead of depositing (Abele, 1997). Altitudes of the deposit surface in this 
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depression are as low as 650 m a.s.l., at least a 1300 m drop from the source region. The maximum 
height of the deposit surface observed is at around 1236 m a.s.l. near La Mutta and Ault Val 
Gronda (Figure 4.5) close to the values ofHeim (1932) of 1270 m, and Abele (1997) of 1223 in 
the same region. 
The precise margins of the rock-avalanche deposit are difficult to constrain. In the north bedrock is 
exposed and more recent screes and landslide/rock fall deposits overly the ground. In the south 
more recent rock-avalanche deposits and alluvial deposits are found (Figure 4.3 and Figure 4.7). It 
is, however, the lateral margins that are most complex. East of the Flims rock-avalanche deposit 
lies the Tamins-Siisagit rock-avalanche deposit (Figure 4.3) that is inferred to have fallen before 
Flims (Abele, 1997). Between the two deposits is the Bonaduz Gravels / Bonaduzer Stauschotter 
(lit. dammed gravels) deposit (Figure 4.3). These gravels were originally interpreted as the result 
of a wet debris flow of fluvial sediments mobilised by the Tamins-Siisagit rock avalanche 
(Pavoni, 1968; Abele, 1997) or flood sediments from a dam created by the Flims rock avalanche 
(Abele, 1974). Abele (1997) has reinterpreted these gravels as being the fluvial fill of the 
V orderrhein I Rein Anteriur I Rhine mobilised by the Flims rock avalanche itself. This wet debris 
flow was then diverted south by the dam of the Tamins-Siisagit deposit into the Hinterrhein valley. 
The theory that this wet debris flow mobilised by the rock avalanche has affected the eastern 
deposit margin and the deposit interior below cannot be discounted and sampling was directed to 
avoid zones close to the Bonaduz Gravels. The western lateral margin previously thought to be the 
source of the Bonaduz Gravels is complicated as it created a dam across the Rhine (Wassmer, 
2002). A large lake was formed and impounded near Ilanz (Figure 4.2 and Figure 4.3) where the 
Glenner River flows into the Rhine. Heim (1932) talks of a 'beautiful delta' near where the chapel 
of St. Martin stands at 783 m a.s.l. This region is characterised by gravels and silts deposited in 
the lake as well as inclined deltaic bedding. These deposits mask the true margin of the rock 
avalanche and the impact of dam failure or overtopping cannot be stated to have had no effect on 
the deposit sedimentology - sediments reflecting the overtopping I failure of the dam have been 
repotedly found 100 km away in Lake Konstanz (Wassmer, 2002, Schneider et ai, 2004). Because 
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of the possible alteration of the deposit margins sampling was directed away into the main body of 
the deposit to minimise secondary depositional/erosional complications. 
4.6 Surficial features 
The age of the deposit makes observations of surface structure difficult. The deposit has been 
reworked and complicated (see Section 4.5), ploughed for farmland, built upon, and most 
importantly, fully vegetated (Figure 4.8). Some features have survived, the depression in the River 
Rhine region described above and several longitudinal ridgelines. Heim (1932) describes a central 
longitudinal ridgeline running SSE out of the Segnes valley and then curving away to the ENE 
towards Reichenau at an angle of 2 - 4 0 • In addition mapping by Abele (1997) shows minor 
longitudinal ridges and depressions orientated towards the Segnes valley. The presence of 
longitudinal ridges and troughs on the surface of a rock-avalanche deposit is conunon 
(McSaveney, 1978) and has been observed on all of the rock-avalanche deposits used in this study. 
The presence of standing water on the Flims rock-avalanche deposit is a feature not observed at 
other deposits investigated in this study. Lakes present are entirely contained within the deposit 
(Figure 4.3, Figure 4.4 and Figure 4.5) and are not simply danuned at the margins - as the small 
epiphemeral pond at Falling Mountain, or dam impounded lake at Poerua. The largest of these 
lakes, Lag la Cauma (997 m a.s.l., 500 m x 250 m max.) is ENE of the highest point in the debris 
accumulation, has no visible source or output (Figure 4.5) and is inferred to be fed via 
groundwater through the debris. Lag Cresta, east of Flirns also shows no input but is observed to 
feed into the River Flem downstream of Flims. It is believed that the lake is fed by springs of 
groundwater in the deposit (Heim, 1932). 
4.7 Interior of rock avalanche 
The excellent exposures of the interior of the Flims rock avalanche are one of the primary reasons 
for study of the deposit. Over the 60 k.rri the deposit covers numerous rivers including the Rhine 
itself have dissected the deposit in varied orientations to depths of up to 300 m. To date, even in 
the Rhine gorge, in which the deepest sections are found, the basal contact of the rock-avalanche 
deposit has not been observed. 
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Figure 4.9 Highly fractured but relatively undisaggregated clasts of limestone with a calcite vein 
continuous throughout. Photograph taken at Valendas (V) sample site, lens cap for scale. 
Figure 4.10 Preserved lithological banding at the Valendas (V) sample site shown as bands of light 
and dark highly fragmented limestone clasts set in a matrix of the same composition. Light bands 
approximately 1.5 m thick in view. 
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4.7.1 Previous work 
At the largest scale two distinct facies have been recognised. Schneider et al (1999) and Wassmer 
(2002) describe a chaotic facies in distal and lateral domains and also near the surface. In proximal 
regions and along the median axis of the deposit a structured facies is observed that accounts for 
around 60% of the deposit outcrops (Schneider et aI, 1999). 
4.7.1.1 Chaotic jacies 
This facies is described as being matrix-supported heterometric breccia with highly shattered clasts 
(Schneider et ai, 1999). The chaotic facies represents parts of the rock avalanche that have had 
room to spread and subsequently lose internal structure (Wassmer, 2004, Wassmer, 2002, and 
Schneider et ai, 1999). 
4.7.1.2 Structured facies 
The structured facies is interpreted to be the portions of the rock avalanche that have been 
confined and retained original structure. The structure consists of two surfaces, SI and S2. SI is 
concordant with the original sedimentary bedding recognised in the deposit (So), is undulatory and 
penetrative. The surface is underlain by highly fragmented limestone material similar to a 
frictional fault gouge (Schneider et ai, 1999). The decametric limestone beds separated by SI 's 
contain oblique fractures that never cross S\, these are the S2 fractures. The interpretation by 
Schneider et al (1999) and Wassmer (2002) is that SI represent major sliding surfaces within the 
rock avalanche flow (probably an existing surface) that undergoes frictional cataclasis. The shear 
along SI initiates tension cracks, S2, that then rotate with the direction of plunge showing travel 
direction - plunge is always toward the source 
4.7.2 Observed facies 
4.7.2.1 Introduction 
Although previous work has identified a number of facies it was felt that the broad two facies 
approach of Schneider et ai, (1999) and Wassmer (2002, 2004) is insufficient to describe all rock­
avalanche deposits. It should also be noted that the facies approach proposed was in conjunction 
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Figure 4.11 Fractured facies at II Bord, showing highly fragmented thin dark limestone band between (metric) highly fractured light limestone bands. 

Figure 4.12 The intact facies on the road above the R. Rabiusa, height of view approx. 6 m. The limestone appears intact but on closer inspection proves to be 

weakened and internally fractured. Here a highly fractured calcite vein can be traced with no disaggregation of the clasts. 

Figure 4 .13 Vertical cliffs, approx. 80 m high in the Rabiusa river valley showing the intact fa cies 6 km from the source. The preserved banding appears as 

intact rock but is interna lly frac tured and weak when compared to source rocks or nearby outcrops. 
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with a theory of rock-avalanche motion, not an independent sedimentological study. For the 
purposes of this research a new facies approach has been established that can be used to describe 
the sedimentological features of the Flims rock-avalanche deposit, the New Zealand deposits 
studied (Chapter 5) and can be taken to deposits beyond the current research. What follows is a 
description of the facies approach developed for the deposit interior of the Flims rock-avalanche 
deposit. The features of these facies can then be used at other study sites to allow direct 
comparison of the sedimentology and evaluation of the prevalence of the various facies at differing 
deposits. 
4.7.2.1.1 Preserved banding facies 

This type of facies is commonly found at rock-avalanche deposits (Korup et al, 2004) and is 

exemplified by Falling Mountain (Figure 6.19). Several sites at Flims, including areas at the 

Versam and Valendas sample sites show well developed preserved banding. The banding is 

inferred to represent the original source stratigraphy, in this case the limestone beds in the 

Flimserstein. The banding is sub-horizontal at all sites (and at other deposits studied) with the 

bands defined by alternating bands of fragmented limestone, either light or dark in colour (Figure 

4.9 and Figure 4.10). The boundaries between bands are sharp, undulatory and clear though the 

matrix of both band types is similar in colour. There are no boundary affects observed such as 

imbrication, shear, or clast rotation, nor do the contacts appear erosive. 

4.7.2.1.1.1 Light banding 

The light bands are usually thinner than dark bands, ranging from 50 em - 1 m in thickness. 

Outcrop scale observation show that the bands contain abundant coarse (up to 50 cm diameter) 

limestone clasts supported by a fme matrix composed of the same material, but looking darker. 

Clasts on all scales are highly fragmented and angUlar, 3-D jigsaw texture is common - fractured 

but relatively undisaggregated clasts (Figure 4.9). 

4.7.2.1.1.2 Dark banding 
The dark grey bands are thicker than light bands, ranging from 1 m - 28 m in thickness. At 
outcrop scale normal grading can be observed within some thicker bands, with grading being 
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smooth over the band thickness. The bands consist of fme, dark limestone clasts, all highly 
fractured and angular and supported by a matrix composed of the same material. 3-D jigsaw 
texture is common and in places calcite veins can be traced for several metres through highly 
fractured and separated clasts with the clasts showing no rotation relative to each other (Figure 
4.10). 
4. 7.2.1.2 Intact facies 
Heim (1932, translated by Skerrner, 1989) described finding large blocks up to 100 m in length 
that appeared as MaIm limestone bedrock (Figure 4.12 and Figure 4.13) but were in fact 
transported by the rock avalanche. These blocks contain beds of limestone showing the gentle 
southerly dip found in the source region and appear intact at outcrop scale. On close observation 
these blocks are far weaker than bedrock and can be fragmented into many pieces using a 
knifepoint, geological hammer, or by hand in most cases. Examples of this facies can be observed 
near the Foppa sample site and along the high road between Bonaduz and Versam (Figure 4.12). 
4.7.2.1.3 Fracturedfacies 
This facies is as described by Schneider et al (1999) and Wassmer (2002) as the structured facies. 
The best example found of this structure is at the II Bord sample site (Figure 4.11 and Appendix 
D). The fractured facies in this study does not imply the processes and transport mechanisms or 
flow direction interpreted by Schneider et at (1999), simply the sedimentology. The fractures can 
be in any orientation but the facies is recognised by at least two fracture sets with the same cross­
cutting relationship holding for the whole exposure. Fractures that appear to represent initial joint 
set orientations simply transported unchanged in the flow are interpreted to belong to the intact 
facies. 
4.7.2.1.4 Structureless facies 
This facies is described by Schneider et al (1999) and Wassmer (2002) as the chaos facies (Section 
4.7.1.1). The terminology has been changed as Schneider et al (1999) and Wassmer (2002) 
described the facies using 'chaos' to imply a process rather than as a purely sedimentological 
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Figure 4.14 The structureless facies , view over exposure cut by R. Rhine at Ve sample site. The exposure consists of highly angular fragmented clasts of 
limestone in a matrix of the same material. Clast size varies from > I m to < I nun. No structure is visible at any scale and 3-d jigsaw texture is absent. The 
material is not able to form and hold vertical cliffs as well as other facies, note significant erosion. 
Figure 4.15 Part of the complex faulted facies at Ve sample site. The facies shows zones of limestone with varied fracture orientations similar to the fractured 
facies , separated by high angle, curved faults and bands of highly fragmented. disaggregated limestone. 
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descriptive term. The facies differs from the presellied banding facies in that stratigraphy is not 
preserved in any form. This facies has not been observed at any other of the studied deposits and is 
not characteristic of rock-avalanches deposits. Exposures consist of light and dark limestone clasts 
of varied sizes, with light coloured clasts being largest, supported by a matrix of fractured 
limestone (Figure 4.14). No continuous structure can be found and 3-D jigsaw texture is absent. 
This facies may not have been identified as being of rock avalanche origin based on sedimentology 
alone as mixing of stratigraphy is unusual. Examples of this facies can be found north of Sagogn 
(Sagogn sample locality, Appendix D) and at Foppa (in association with the intact facies). 80th of 
these sites are marginal and/or near the surface of the deposit, the same regions in which Schneider 
et at (1999) describe their chaos facies occurring. 
The chaos facies terminology of Schneider et al has not been used as it contains a process 
interpretation of mixing and disorder. The term structureless facies is more appropriate as it does 
not imply mixing, though this may prove to be the case at Flims but this requires an interpretation. 
Other deposits (such as Poerua, New Zealand) show no discemable structure but this may be 
related to the initial source rock in which distinct stratigraphy is absent, for example a schist with 
no recognisable units (Poerua), or a monolithologic granitic source (such as in the Tien Shan). 
4.7.2.1.5 Complex faulted facies 
This is a structurally complex facies involving varied regions of lithology and structure, including 
banding, intact blocks, fractures, and multi-scale faulting (Figure 4.15). This facies cannot be 
generalised to further than the Versam sample locality and it is recommended to consult Appendix 
D for a detailed description of the features found. The facies is found in association with 
structureless facies zones (Figure 4.14) and presellied banding facies zones in a continuous 
outcrop. 
4.8 Sample sites 
The Flims rock avalanche was sampled at seven locations, each has a locality code and sample 
number; Valendas, VI - VIS, 11 Bord, ILl - ILS, Versam, Vel - Vel3, Cliff path. CPl - CP2. 
Sagogn turn, STl- ST5, Foppa, Fl - F4, and Valendas bridge, VBl - V86 (Table 4.1, and Figure 
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4.5). At each locality the evolved sample method was used to constrain the grain size distribution 
as this reflected the range of clast sizes present. Sites were chosen to reflect changes in structure 
and location over the deposit and in particular to assess the roles of distance from source on 
variations in grain size (if any) of the light and dark MaIm limestone observed. 
Table 4.1 Flirns rock avalanche Sample site locations and their distance from the source region. 
Locality Grid reference Sample 
coding 
Distance 
from 
source 
Facies 
Station Valendas -
Sagogn OR 74065-18430 Vl- V15 9kmSSE Preserved banding 
II Bord OR 74255-18878 ILl- ILS 5 kmESE Intact 
Station Versam 
Safien 
- OR 74237-18538 to 
OR 74266-18568 Ve1- VE 13 8.5kmSE 
Complex faulted! 
structurelessl 
p.banding 
Cliff footpath OR 73920-18450 CP1- CP2 8kmS Preserved banding 
Sagogn road turn off OR 73860-18440 STl-ST4 8kmS S tructureless 
Foppa OR 73945-18992 F1-F4 3.5 kmS Structureless/intact 
Road bridge ill OR 73960-18410 VBl- VB6 9kmSSE StructurelessValendas 
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5 NEW ZEALAND ROCK-AVALANCHE DEPOSITS 
5.1 Introduction 
Four rock-avalanche deposits have been studied in New Zealand. New Zealand has been chosen as 
a prime study region due to the number of well preserved, historic deposits, and because of the 
constraint this allows. What follows is a brief introductory chapter for New Zealand to set the 
study region into a geological and geomorphological context and to present relevant studies 
already undertaken. 
The area of detailed study within New Zealand is marked on Figure 5.1 and is within the central 
Southern Alps to Westland region. 
5.2 Tectonics 
The tectonics as they broadly are today in New Zealand began around 25 Ma years ago during the 
Kaikoura orogney (Miocene), however, during this period there was very little land in the region 
(Suggate, 1982). Rifting began to split the ancestral landmass between Antarctica and Australia 
creating a build-up of strain in the Pacific crust along what is now known as the Alpine Fault, the 
eastern side being the Pacific Plate and the western the Australian Plate. A relative plate motion of 
west for the Pacific Plate and north for the Australian Plate has resulted in collision and 
compression of a differential nature throughout New Zealand. Present day tectonics result in over 
14000 earthquakes being recorded by the Institute of Geological and Nuclear Sciences each year 
with 100-150 being of a magnitude and location sufficient to be felt (Geological and Nuclear 
Sciences, 2002). In the north of the landmass the contact zone is located at sea to the east ofNorth 
Island forming the Hikurangi Trench as the Pacific Plate sub ducts beneath the Australian Plate. At 
the very south of the landmass, south ofFiord land on South Island the relative motion changes and 
the Australian Plate sub ducts beneath the Pacific Plate. Between these two zones of subduction is 
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Figure 5.1 Simplified geological map of New Zealand showing major lithological units and 
tectonic features. The area containing the studied deposits is marked and corresponds to Triassic to 
Permian Greywackes and their Cretaceous to Carboniferous schistose equivalents. Map based on 
Suggate (1982) and information provided by personal cOllU11unications. Below is a Landsat 7 
ETM+ browse image of the study region marked above with deposit locations. 
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the area of study, the Axial Tectonic Belt which is the most active area ofNew Zealand where the 
contact is a dextral fault with an estimated total displacement of 480 km (Suggate, 1982). This 
fault, the Alpine Fault has been more compressional in the past 10 Ma giving rise to the Southern 
Alps, the major range of mountains extending south-west north-east along the bulk of South 
Island. Crustal shortening is estimated at 70 km in central parts of the collision zone, probably 
accommodated by overriding of the Australian Plate by the Pacific Plate. Total uplift of the region 
is estimated in excess of 18000 m in some regions (O'Loughlin and Pearce, 1982) although with 
the high erosion rates it is likely that maximum altitudes have never achieved heights greater than 
the present maximum of 3754 m (Aoraki / Mount Cook). 
5.3 Geology 
Up to half of New Zealand's area is covered either by high mountains of over 1000m exceeding 
regional timberlines or hills approaching it (O'Loughlin and Pearce, 1982). Vast areas of these 
mountains including the study area are low grade metamorphosed sands and argillite, collectively 
known as 'greywacke'. The greywackes of New Zealand belong to the Torlesse Supergroup and 
range from Pennian to Lower Cretaceous in age but are mainly Mesozoic (Suggate, 1982). These 
detrital sediments were eroded from the Gondwana continent, the oldest rocks found being Middle 
Cambrian, c540 Ma (Suggate, 1982) that were deposited against the western side of the ancestral 
New Zealand landmass. The other mountainous regions are composed of the metamorphic 
equivalents of the greywackes, the schists of the western Southern Alps, the Fiordland mountains 
of plutonics and Palaeozoic rocks, and finally, the basaltic and rhyolitic volcanic mountains of 
central North Island. 
5.3.1 Geomorphology and hydrology. 
The current shape of the landscape of the study region of the Southern Alps reflects both the active 
and past processes. The land is extremely mountainous due to tectonics and heavily eroded due to 
the combination of tectonic uplift, precipitation from moisture laden westerly weather systems, 
susceptible jointed/fractured greywackes and the effects ofglaciation (Crozier et ai, 1982). 
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The Otira Glaciation past its last major advance period around 12000 yrs BP and left many slopes 
oversteepened and unstable compared to the more resistant plutonic Fiordland areas with their 
preserved U-sbaped valleys. In post glacial times many of the slopes of weathered material or 
relatively unweathered dip-slopes underwent mass movements creating the vast characteristic 
scree slopes of the region (O'Loughlin and Pearce, 1982). Many of the screes lie at angles of 
repose ranging 31-36° indicating movement due to rainfall, debris-flow and snow avalanching 
rather than sliding which expects angles of repose at 39-40°. A dated example of these mass 
movements are the Porters Pass stratified screes, dated at 11000 yr BP, close to the Acheron study 
area. These post-glacial processes are still active today bringing the glacial forms into equilibrium 
with present conditions (O'Loughlin and Pearce, 1982) and is the cause of much instability and 
lands Ii ding in the Southern Alps. 
This process has also facilitated the rapid river aggradation in the valley floors of the region 
because of the abundant rock debris. Rivers of the Southern Alps under present conditions are 
mainly important as transporters and reworkers of sediment. The general past river valley 
development has been very diverse, rivers have had to alter their courses to regional arrangement 
of high and lowlands in the past few million years. Many rivers show gorges due to antecedence or 
superposition, often both, showing the young age of the mountains. In general this is due to the 
formation of local ranges of mountains in the Quaternary long after the Southern Alps and so 
disrupting established river regimes. 
5.3.2 	 Action of uplift, denudation and Precipitation 
Crozier et al (1982) and O'Loughlin and Pearce (1982) have attempted to provide figures for the 
highly active processes of uplift, denudation and precipitation across the Southern Alps. Uplift 
varies from nearly 10 mmlyr towards the main divide (the north south high mountain ridge 
dividing the east and west) and decreases to 0.5-3 mmlyr towards the eastern mountains. 
Precipitation near the main divide can be as high as 1800-2300 mmlyr (of which rainfall >6400 
mmlyr) dropping off to ~1500mmlyr (of which rainfall >600 mmlyr) eastwards; O'Loughlin and 
Pearce (1982) however state figures of 5000 mmlyr and 800 mmlyr respectively. Estimated 
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denudation rates are more unreliable and error prone, relying on river discharges of suspended 
sediment load - the dissolved and bed load data are assumed small in comparison. These data are 
rare and most of the denudation map is produced using the relationship between relief and 
precipitation developed by (Fornier, 1960). The result for the study area is >5000 m3/km2/yr near 
the main divide decreasing through four zones moving east: >1500 m3/km2jyr, >500 m3Iknl/yr, 
>150 m3/kro2/yr and at the start of the lowlands 0-150 m3/knl/yr. 
The greywackes can also be further subdivided based on their Quaternary history into the 
unglaciated mountains of Marlborough and the axial ranges of North Island and also the area of 
study, the glaciated greywacke mountains of north Otago, Canterbury, and western Marlborough 
(O'Loughlin and Pearce, 1982). This glaciated, mountainous area covers approximately 10000 
Km2 in the eastern South Island. The result of the high uplift, precipitation and glaciation on the 
study area of intricately jointed greywackes has led to the famous 'rotten rocks' of the Southern 
Alps. As can be seen from the high denudation rates the rocks are extremely susceptible to erosion 
(Crozier et ai, 1982), primarily by physical weathering along the joints and beds. Unreflected by 
denudation maps created (Crozier, et ai, 1982) are the strong local variation of composition, 
degree of metamorphism, deformation and faulting of the greywackes, factors all controlling 
erosion rates and process (O'Loughlin and Pearce, 1982). 
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6 	 NEW ZEALAND ROCK-AVALANCHE DEPOSITS 
STUDIED 
6.1 	 The Acheron rocl{-avalanche deposit 
6.1.1 Introduction and setting 
The Acheron rock-avalanche deposit has been chosen for detailed study as it one of the few 
deposits in the world that allows direct access to a basal contact zone. The deposit is fairly well 
preserved and shows accessible river cut sections for sampling. 
Red Hill (1641 m), the source of the Acheron rock avalanche, lies 7 km west of Porters Pass at the 
southern end of the Cragieburn Range, Canterbury, New Zealand. Material fell from the 1500 m 
lower east face of Red Hill (Figure 6.l and Figure 6.2 ), travelled down valley (east) for less than a 
kilometre and then southeast for another 3 krn reaching a low point of between 800-820 m. The 
deposit lies across a clear fault trace (Figure 6.2) nmning approximately northeast - southwest, an 
extension of the Porters Pass Fault. Fault movement is believed to be aroW1d 4 m up-thrown on the 
south-eastern side from nearby valley observation. Three zones of alluvium are dammed against 
the margins of the rock avalanche and in the upper valley section part of the deposit is covered by 
recent alluvium. Current streams flowing down the valley are tributaries of the larger Acheron 
River that flows to the southwest into the Rakaia River. Streams have cut through the lower part of 
the deposit exposing sections and a buried soil resting on red, horizontally bedded alluvial gravels. 
6.1.2 Rock avalanche trigger 
The triggering event for the Acheron rock avalanche is unrecorded; the rock avalanche is inferred 
to have happened before historical records began in the area. Burrows (1975) sampled a loose log 
(mountain beech, Nothofagus soIandri var. cliffortioides) from the base of the rock avalanche 
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Figure 6.1 Topographic map of the Acheron rock-avalanche deposit and surrounding region, 
contours and grid based on 1998 (K35) Land Information, NZ map. The deposit (including source) 
is shaded yellow, labels refer to areas and points described in the text. 
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Figure 6.2 Aerial photograph of Acheron rock-avalanche and surrounding region. Outline of 
deposit is dashed, interpreted fau lt trace crossing deposit is as solid line. Photograph taken by NZ 
Aerial Mapping Ltd. 
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which yielded a radiocarbon date of 500 ± 69 years B.P. This date gives a maximum age limit for 
the event but not a minimum as it is possible that a more recent rock avalanche incorporated an 
older log. The proximity of a fault trace to the deposit suggests an earthquake trigger, a common 
causal factor (Section 2.4.5.3) although other factors cannot be eliminated without further study. 
6.1.3 Rock avalanche source 
The source scar for the Acheron rock avalanche is well preserved on the lower eastern flank of 
Red Hill (Figure 6.1and Figure 6.2). The scar extends from around 1300 m up to 1460-1500 min 
altitude and is almost 400 m long and 250 m wide at its maximum. From these data and study of 
aerial photographs it can be seen that the scar is elongated in the direction of failure. The scar is 
unvegetated at present (Figure 6.2 and Figure 6.3) and covered in scree of varied size ranging from 
gravel to boulders. The scar is steeply sided at angles of 40-50° down to a shallower sloping base. 
This basal region of the scar contains coarser scree material and is beginning to vegetate with 
scrub grasses. The scar is not evenly evacuated; the southern side of the scar extends almost 100 m 
further than the northern side. This is very clear on the aerial photographs as a darker area, 
representing the vegetation over disintegrated bedrock or scree, similar to many of the steep 
surrounding hills. This area also slopes at a shallower angle compared to the evacuated area of 
scar. Small exposures of bedrock are visible (Figure 6.4) at the top of the scar particularly at the 
sides as opposed to the central westem portion. The small exposures reveal heavily jointed, 
fragmented, well-indurated, grey, bedded, fme 1medium grained greywacke sandstone and fmer, 
dark argillite, both are characteristic of the Torlesse Supergroup. The rock disintegrates with hand 
pressure and is highly unstable; measurements in a small exposure (Figure 6.4) on the southern 
upper side of the scar yield bedding trending 263/90 to 304/10S with at least two joint sets 
trending 024178E and 352/60E. Bedding in the exposure is centimetric with greywacke dominating 
over argillite, the joints are spaced 8-10 cm and 30-40 cm apart respectively to the measurements 
provided above. 
These lithological differences have left a clear impact on the scar. Dark bands of argillite can be 
followed in the scree covering the scar down from small argillite outcrops and larger light bands 
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Figure 6.3 Source scar of the Acheron rock-avalanche deposit (Red Hill). The scar is 
approximately 200 m high, 400 m long and 250 m wide at its maximum points. Dark argillite scree 
can be traced back to small outcrops on the ridge line, light scree to greywacke (Location A, 
below). 
Figure 6.4 Outcrop of highly jointed, bedded 'rotten' greywacke (location above) approximately 3 
m high. The sandstone is characteristic of the Torlesse Supergroup. 
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from greywacke outcrops (Figure 6.3). The fmal deposit volume has been calculated from aerial 
photography to be 6 x 106m3 (Whitehouse, 1983). 
6.1.4 Rock avalanche morphology and extent 
The Acheron rock avalanche is not as geomorpologically and surficially preserved as deposits such 
as Falling Mountain (Section 6.2) or the nearby Cragiebum deposit (Whitehouse, 1981). This is a 
function of its age, location and smaller initial volume; the Acheron rock avalanche has undergone 
over 500 years of weathering, erosion and plant colonisation. After failure in the scar region the 
material moved east for under a kilometre until the valley sharply turns to the southeast (Figure 
6.1). The rock avalanche left a trim line on the northeastern slopes of the valley as material 
swashed upwards during the turn (Figure 6.5). The trim line represents the maximum super­
elevation attained by the moving rock avalanche above the main body of material. Between the 
trim line and main body of the deposit there is a thin veneer of rock avalanche debris. The trim line 
also represents the deposit margin where super-elevation has taken place. The maximum swash 
height is recognised from slight vegetation cover and colour changes along with the remnants of 
debris mantling the slope. Grass on the slopes not affected by the rock avalanche is a 100 % 
healthy cover, grass growing on the deposit or area affected by the rock avalanche is as much 
thinner cover by area due to the poor blocky substrate and thin soil developed on it. The swash 
trace reaches a maximum of around 20-30 m above the surface of main body of the rock-avalanche 
deposit. 
Much of the deposit from the sharp valley turn at around 1040 m (Turn A) down to almost 900 m 
a.s.l. (Figure 6.1) is covered by alluvial deposits and other smaller mass movements depositing 
gravel and scree over the rock avalanche (Figure 6.5 and Figure 6.6). This section of the rock 
avalanche is also heavily vegetated with mountain beech (Nothofagus solandri var. clijfortioides, a 
common, fast growing pioneer / colonising tree in addition to the grasses covering most of the area 
apart from stream beds that are heavily laden with eroded rock avalanche debris. The very lowest 
part of this section at around 900-920 m consists of a gravel outwash fan almost the width of the 
deposit (-150 m). At this point on the north-eastern slope of 1244 m (Peak B) a trim line trace 
becomes clear around 20 m maximum height above the main deposit surface (Figure 6.6). The trim 
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Source region 
Figure 6.5 View NW over vegetated Acheron deposit, source hidden by bend (Tum A) in valley 
to the west (left). Super-elevation trimJines on the outside of valley bends are marked with arrows. 
Figure 6.6 View SE over Acheron deposit. Sharp eastern lateral margin (dashed line) and trimJine 
(arrows) is visible on the left (marked). The ridge and trough like structure of the deposit can be 
seen on the vegetated deposit (centre) and the tenninus in the background 2 km away (dashed). 
The fault line passes from the valley on the left across the deposit (dotted). 
81 
Chapter 6 - New Zealand rock-avalanche deposits studied 
line is recognised from slight colour change and coverage of the grasses and a small terrace above 
a slope break. The grass growing on the slopes unaffected by swashing of the rock avalanche is a 
100% cover of healthy grass whilst grass on the thin veneer of swashed material is patchier. The 
trim line trace rejoins the main deposit surface and the main lateral margin of the deposit as peak 
1244 m (Peak B) begins to curve away to the east along the edge of a small valley (Valley C). 
Below this section the deposit appears to be better morphologically preserved although almost 
100% vegetated. There are small stands of mountain beech but the deposit vegetation is 
predominantly scrub grasses and Matagouri (Discaria toumatou). Here the deposit widens to 
almost 500 m as it crosses the small northeast - southwest trending valley (Valley C). It is this 
valley that contains the extension of the Porters Pass Fault. The trace is not visible across the 
surface of the rock avalanche (Figure 6.2 and Figure 6.6) but is unlikely to be recognisable on the 
hummocky, vegetated surface of the deposit. More of this valley will be described in the alluvial 
dams' section (Appendix E). 
On the eastern side of the rock avalanche where it crosses this valley part of the lateral margin is 
preserved where unaffected by alluvial deposition and erosion. This margin runs northwest ­
southeast in a sharply delineated ridge 1-2 m high (Figure 6.6). The margin from distance appears 
sharp and linear but on closer inspection the margin trace, although sharp against the surrounding 
valley floor fill is not linear but undulates by a metre or two east and west. No boulders or debris 
'spray' (eruden and Hungr, 1986) are present beyond the - 20 - 30° sloping ridge that defines this 
margin. The western side of the deposit where it crosses this valley (only -150 m wide on this 
side) also preserves part of a lateral margin. At this point the margin appears as a steeply dipping 
slope of around 35° and 2-3 m high. Boulders are visible under scrub vegetation on the slope and 
are not visible on the flatter land a few metres from the margin, but this margin may have been 
complicated by erosion and damming. 
From the fencing (marked on Figure 6.1) southwards the deposit is again confined within the 
south-east trending valley except for a small tributary valley entering from the west close to the 
terminus of the rock avalanche. This minor tributary valley will be discussed further in the alluvial 
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dams' section (Appendix E) as the alluvium lies against the western lateral margin of the deposit. 
The deposit is heavily eroded in this section with a meandering river cutting up to 10 m deep and 
revealing the interior (Section 6.1.6). The terminal margin of the rock avalanche is preserved at 
OR: 021-641 as a ~300 sloping ~ 2-3 m high area of vegetated debris (Figure 6.6) running north­
east - south-west. The margin appears feathered rather than sharp but this may well be a function 
of the margin being delineated by a break of slope and change in vegetation from scrub and 
tussock to Matagouri and scrub. No boulders were visible in front ofthis margin but it is possible 
that boulders were present and obscured by vegetation and soil. 
6.1.5 Surficial features 
After observation of the lateral margins and river cut exposures the rock avalanche is interpreted 
to be of limited depth, almost always < 7 m. Surface relief does, however, indicate thicker areas of 
the deposit in the lower regions, especially north of the fence (Figure 6.1) in the region lying 
across the fault trace. The deposit shows interesting surface relief in this region, longitudinal 
ridges lie either side of a central depression (Figure 6.6). These ridges create a stepped transverse 
profile as the lateral margins are also ridged. The longitudinal ridges on either side of the deposit 
rise at 15 - 200 over 15 m before a descent of 2 -3 m into the central depression at a steeper angle 
of 30°. The depression looks very much like a fluvial channel but lacks any preserved bedload or 
present flow to confirm this. It is likely that it is not post-depositional fluvial erosion and actually 
represents surface relief present during flow or immediately post-rock-avalanche deposition. 
Longitudinal ridges, or lobes, and associated depressions are common features on the surface of 
rock-avalanche deposits and have been noted by McSaveney (1978). 
In the region south of the fence (Figure 6.1) surface relief is of the order of a few metres at most. 
Much is dictated by the presence of patches of boulder debris, boulders being a metre or more 
across. At least one longitudinal train of boulders was observed on the eastern margin of the 
deposit running southwards to the terminal margin. 
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6.1.6 Interior of rock avalanche 
The upper section of the rock avalanche is heavily eroded by streams but no sections suitable for 
sampling were discovered. This is due to much of the upper deposit being covered by alluvium, 
reworked material and smaller mass movements. Streambeds in this region of the deposit tend to 
be shallow and wide with coarse bedload lining the banks and stands of mountain beech reaching 
the very edges. An exposure on the western side of the deposit at GR: 006-655 reveals rubble just 
beneath the trirnline of the rock avalanche (central Figure 6.5). The exposure is -10m high with a 
sharp upper boundary leading back to the source region and is steeper than the above valley side. 
The exposure consists ofbands ofloose clasts of either dark argillite or light sandstone. The bands 
range from 2-10 m across and are at 90° to the trimline i.e. 90° to inferred rock avalanche flow. 
Observations show that light sandstone clasts are the largest in size and also appear as trains in 
finer dark argillite zones. 
The lower rock-avalanche deposit is also heavily eroded but the form of the streams is very 
different. Here the streambeds are narrow and heavily incised through the rock avalanche into the 
material below. The best exposure is along the south flowing section from GR: 018-645 to GR: 
017-641 where the river has cut down -10 m in places (Figure 6.7). Most of the sections observed 
are cut transverse to the inferred flow direction of the rock avalanche. The river sections show the 
rock-avalanche deposit to be thin, often less than I m thick (Figure 6.8), ranging up to 5 m thick. 
The basal zone and its contact with the underlying material is well exposed in many places (Figure 
6.7 and Figure 6.8). Little structure was observed in these limited depth sections, though one 
thicker (-5 m) inaccessible section does show sub-horizontal banding representing preserved 
stratigraphy of greywacke and argillite. The deposit overlies a soil horizon 50 - 75 cm thick and 
parallel to the valley surface / slightly inclined down valley (Figure 6.7). Beneath this buried soil 
lie several metres of red, bedded alluvial gravels containing rounded greywacke and argillite clasts 
ranging from < Imm - several cm. The rock-avalanche deposit itself contains clasts of greywacke 
and argillite of varying sizes, usually centimetric, highly angular and fragmented clasts (Figure 
6.8) surrounded by a matrix of material of the same composition. 
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Figure 6.7 River-cut section of the Acheron deposit - 10 m deep transverse to inferred rock­
avalanche flow. The rock-avalanche debris buries a soil with abundant wood fragments which in 
tum overlies aUuvial gravels. Location GR: 0180-6440 
Figure 6.8 Close up (30 cm scale) of Acheron deposit interior showing rock-avalanche debris 
overlying buried soil. C lasts are angular greywacke and matrix supported with fine greywacke 
material, 3-D jigsaw texture is poorly developed. Location GR: 0 J75-6440 
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Notable exceptions exist in terms of clast morphology, often clasts that are un-fragmented and 
rounded to sub-rounded in appearance are fOllild. These clasts are interpreted to be alluvial clasts 
incorporated into the rock avalanche flow, either from a streambed or terrace. 111ese 'rip up' clasts 
are found in sections of the deposit overlying the buried soil implying that the clasts have been 
transported in the rock avalanche. The basal zone of the rock avalanche exposed above the buried 
soil reveals interesting sedimentological features (Figure 6.8). The rock avalanche has interacted 
with the soil below leaving a sharp but undulating contact. In one instance a spike of rock 
avalanche material extends erosively (Figure 6.8) several centimetres down into the soil horizon. 
6.1.6.1 Sample sites 
A detailed description of the sections that samples were taken from at the Acheron rock avalanche 
can be found in Appendix E. Samples were taken in the stream cutting described above using the 
preliminary sampling technique (PST) outlined in (Section 3.3.2). Samples are considered 
representative of the exposures using this preliminary method as the grain sizes observed were 
small. The exposure sampled showed little preserved structure and contained 'rip up' clasts of 
alluvial origin. The exposure sampled can be classified as being of the structureless facies, but on 
observation of the preserved stratigraphy in the proximity (Figure 6.7) and mono-lithological 
composition of the exposure (Figure 6.8) it is more likely a greywacke band in the preserved 
banding facies. 
An important point arising from the Acheron deposit is the interaction of the rock avalanche with 
the substrate material. It suggests that the sedimentology of a deposit is not only internally varied 
due to the lithology (as in the preserved bandingfacies) but may also vary due to proximity to the 
base. These observations will be developed further in the discussion chapter as it may become 
necessary to devise a broader scale facies model for a deposit as a whole including the surface and 
basal regions rather than that presented so far for the interior sedimentology. 
At the Flims rock-avalanche deposit these changes in sedinlentology were not an issue as the 
surface is poorly preserved and the basal contact has not yet been uncovered by erosional 
processes. 
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The key point for the remaining deposits is that investigation of the surface and basal regions need 
close consideration; in particular basal entrainment if present needs describing to asses it role in 
the sedimentology of rack-avalanche deposits as it is not representative of the interior. 
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6.2 Falling Mountain rock avalanche 
6.2.1 Introduction and setting 
Falling Mountain (1901 m) lies at the northern end of the Polar range of mountains on the Main 
Divide of the Southern Alps of New Zealand. The mountain is situated in Arthur's Pass National 
Park around 10 km north-east of Arthur's Pass village through which the main crossings of the 
Southern Alps, the Tranzalpine Railway and Highway 73 pass. The rock avalanche fell from the 
western face and summit of Falling Mountain (Figure 6.9) having being triggered by the 1929,6.9 
M Arthur's Pass earthquake. 
The pre-avalanche topography of Falling Mountain is unrecorded with the mountain gaining its apt 
name from a group of trampers passing through the area in 1930 (McSaveney and Davies, 1999). 
The deposit extends for almost 4.5 km down the West Branch Otehake River Valley north of the 
Taruahuna Pass with a small lobe just south of the pass in the head of the Edwards River Valley 
(Figure 6.9). The two valleys, as with many in the local region trend broadly north - south to 
north-east - south-west, excavated by Pleistocene glaciers flowing southward from an ice 
accumulation in the western Southern Alps (Pillans et aI, 1982; McSaveney and Davies, 1999) 
6.2.2 Rock avalanche trigger 
The Falling Mountain rock avalanche is interpreted to have been initiated by the Arthur's Pass 
earthquake out of the 678 earthquakes recorded in 1929 (Speight, 1933, and McSaveney and 
Davies 1999). The earthquake was of magnitude ML 6.9, struck at 22:54 on the 9th March and 
lasted for approximately 4 minutes (Eiby, 1968). There was, however, another larger earthquake 
which occurred before the Falling Mountain rock-avalanche deposit was discovered in 1930, the 
ML 7.8 Murchison earthquake of 16th - 17th June, 1929. The rock avalanche is attributed to the 
Arthur's Pass event due to the pattern of slips and other earthquake damage recorded (Speight, 
1933). Speight (1933) mapped a zone of mass movements orientated east-north-east of Arthur's 
Pass towards Lake Sumner. This zone is narrow, never more than 6.4 km wide but 65 km long, a 
very elongate disturbed zone. Falling Mountain is well within this mapped zone, 4.8 km from the 
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western boundary, which supports the interpretation that the rock avalanche was caused by the 
Arthur's Pass Earthquake. 
6.2.3 Rock avalanche source 
The prominent partially scree covered source scar on the northwest face of Falling Mountain is 
broadly annchair shaped and up to 750 m wide (Figure 6.11, Figure 6.12, and Figure 6.13). From 
the top of the source scar to the surface of the deposit is an approximate 400 rn vertical drop 
(Figure 6.9) with the scar sloping at 500 and steeper. The scar is not evenly evacuated and a large 
(250 m) concave mass of bedrock remains in-situ on the lower 150 m of the northern side of the 
scar (Figure 6.11 and Figure 6.13). A near vertical cliff line around 30 m high still remains around 
the top of the scar, from aerial photograph interpretation this bedrock strikes 060-080° dipping 
north to north-east at around 65-80° (Figure 6.11). Field observations support these measurements 
and suggest that the bedrock is not as heavily jointed as many of the peaks observed to the 
immediate south are. McSaveney and Davies, (1999) recorded bedding dipping north at about 70 ­
80° on Falling Mountain and also noted that the peak is not as heavily jointed as surrounding 
peaks. A peak 300m east-southeast of Falling Mountain is described as closely jointed and with 
bedding dipping northwest at 50-60°. These discordant areas of strike / dip are common and occur 
widely in surrounding peaks in the area and are not unique casual factors at Falling Mountain. 
From study of large clasts in and on the deposit the bedrock is alternating beds of fine / medium 
grained grey sandstones and very fme, dark, almost black, fissile mudstone. They are well 
indurated and characteristic of the greywackes of the Torlesse Supergroup as found at Acheron. 
McSaveney and Davies, (1999) observed syndepositional slump folds (Figure 6.13) and a complex 
structure attributed to multiple generations of faulting within the beds of Falling Mountain. 
Two values of rock-avalanche deposit volume are quoted in the literature, McSaveney and Davies 
(1999) state a 55 x 106m3 (with a 10 - 20 % error) source volume bulking up to a 66 x 106m3 
deposit whilst Whitehouse (1983) reports a value of57 x 106m3 for the deposit. The differences are 
not large enough to affect subsequent work and represent differences attributed to use of aerial 
photograph compilations of different scales. 
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Figure 6.11 Aerial photograph of the Falling Mountain rock-avalanche deposit (dashed line) with 
major features marked. The deposit originated from the prominent scar in the bottom right of view, 
the scar shows bedding striking broadly east-west. NZ Aerial Mapping Ltd. run SN 8584 image 
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Figure 6.12 Geomorphological map of the Falling Mountain deposit derived from stereo aerial 
photographs and ground based fieldwork. Features marked in brown are interpreted to be 
immediately post rock avalanche slope movements, recent slope movements or, if inferred through 
the rock-avalanche deposit, pre-existing slope movements. 
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6.2.4 Rock avalanche morphology and extent 
The rock avalanche for this deposit can be subdivided into two major units based upon the inferred 
dominant direction of flow (Figure 6.10). One is the flow that travelled west from the source 
across the valley and super-elevated up the slopes north of Mt. Oates (2054 m) tenned the cross­
valley directed flow. This left a deposit with high surface relief as a series of hummocks and lobes 
and large surface clasts. The other un it is the down valley directed flow that travelled north along 
the West Branch Otehake river valley for over 4 lan. This left a low surface relief deposit with 
visibly smaller surface clasts. Each of these units can be further subdivided based upon differences 
in surface expression or localised interpreted flow direction. 
6.2.4.1 Cross-valley directed flow 
6.2.4.1.1 South margin unit 
A small amount of the westerly directed rock avalanche moved south into the head of the (present) 
Edwards River valley (Figure 6.9, Figure 6.10, Figure 6.11, and Figure 6.12) and came to a rest 
just south of the current position of the Taruahuna Pass (1210 m) a pass that was moved 
northwards by the rock avalanche adding to the topography. This lobe travelled around 200 111 
before coming to a halt. The deposit margin is we1l preserved and sharp with the low point being at 
around 1215-1220 m (Figure 6.14). The material lies at an angle of repose between 27-30°, 
standing at least 10m high at the margin although interpretation of the original valley topography 
is required to precisely constrain depths. The plan view of the margin is not linear and lobate 
structures can be observed on aerial photographs (Figure 6.11). Observations of the valley floor fill 
close to the margin show that the lobe crossed alpine grassland covering screes and a gravel 
bedded stream. A small pond dammed against the deposit margin is described by McSaveney and 
Davies ( 1999) to flood ephemerally into the Edwards valley drainage system but usually drains 
through the rock-avalanche deposit northwards. The rock-avalanche deposit has altered the 
drainage of the valleys by moving the pass and drainage divide northwards. The rock avalanche 
debris fonning the southern margin and beginning of the western margin (discussed below) has 
also cut off a stream due west of Falling Mountain. A lobe around 100 m across deposited in a 
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Figure 6.13 Falling Mountain from the cross-valley flow. Altemating beds of greywacke sandstone 
and darker argillite with minor folding (arrow) can be seen cropping out at 65 ° - 80° NE. The scar 
is up to 750 m wide in main view. 
Figure 6.14 View north from the head of Edwards Valley onto the South Lobe unit and up onto 
the major deposit of the westerly flow. The flow moved from right to left leaving a sharp lateral 
margin and climbed the opposing slope of Mt. Oates (left) leaving a prominent trimline (marked). 
The deposit is around 700 m wide at this point. 
94 

Chapter 6 - New Zealand rock-avalanche deposits studied 
narrow valley and forced the stream to drain north under the debris at GR: 014 - 117; previously it 
would have flowed south. 
6.2.4.1.2 Major unit of westerly flow 
The larger volume of the westerly directed flow fell from the source region, crossed the glaciated 
valley floor and swashed up the slopes of Mt. Oates and the unnamed peaks of 1799 In, 1815 In, 
and 1864 m directly opposite, fell back and began to move north (Figure 6.9 and Figure 6.10). The 
rock avalanche left a clear trim line showing the maximum height attained by the moving flow 
(Figure 6.11 and Figure 6.14). This is estimated to lie at around the 1400 m contour (Figure 6.9). 
The trim line is clearly identified by a vegetation break and the presence ofrock avalanche debris 
as opposed to valley side screes. The present deposit surface lies as low as 1240 m near the pass, 
so even without considering the depth of the material emplaced the swash has a height of 160 m 
McSaveney and Davies (1999) have extrapolated the valley profile beneath the deposit and 
estimate the valley floor to lie at 1150 In, yielding a total run up of around 250 m If friction is 
ignored an estimate of avalanche speed can be made (McSaveney and Davies, 1999, and 
Whitehouse, 1981) using the principle of conservation of energy, mgh = 1I2mv2 where m = mass 
of rock avalanche, v, velocity and g the gravitational constant (9.8 mls2). This yields v2 = 2 x 9.8 x 
250, giving an estimated velocity at the start of run up of 70 mls (252 km/hr). A small « 50 cm 
high) brandung or surge ridge (as defined by Hewitt, 1988) marks the maximum run up, also the 
deposit margin, though observations suggest most of the material fell back after super-elevating. 
The brandung and fall back material are confined to the valley side, below in the valley floor the 
deposit is a morphological contrast. The surface relief is large (Figure 6.12, Figure 6.15 and Figure 
6.17), formed by mounds and depressions of up to 10 m relative relief. The surface of the deposit 
ranges from fine fragments of argillite and greywacke < 1 cm up to large greywacke boulders> 6 
m across with the majority of clasts over 1 m across. Clear preserved stratigraphic banding can be 
observed on the surface of the rock avalanche and will be discussed further in the surficial features 
section (Section 6.2.5.). 
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Figure 6.15 View from trimline on Mt Oates onto surface of the major deposit of the westerly 
flow, Edwards valley in background. The large surface relief characteristic of the unit can be 
observed as a series of mounds I lobes orientated to the source (examples marked) and depressions 
between. 
Figure 6.16 View south from the lower unit of down-valley flow onto the upper unit and westerly' 
directed flow in the background with runup onto Mt Oates (arrow). The steep decent and 'steps' 
(dotted lines) are visible as well as more recent deposits (solid line) and stream headward erosion. 
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6.2.4.2 Down valley flow 
Aerial photograph interpretation and field observation of the down valley directed portion of the 
rock-avalanche deposit show it can be subdivided into an upper and lower unit (Figure 6.10). This 
subdivision is based upon a change in surface characteristics of the deposit and a change in the 
slope over which the rock avalanche moved. The upper unit is characterised by a relatively steep 
deposit surface (and inferred valley slope) and a stepped longitudinal profile (Figure 6.12, Figure 
6.16 and Figure 6.17). The lower unit has a lower deposit surface slope and little surface relief 
(Figure 6.18). Surficial features are observed on this down valley directed debris but will be 
described along with the westerly directed flow surface features in Section 6.2.5. 
6.2.4.2.1 Upper unit 
The upper deposit is interpreted to start at approximately 1200 m a.s.l. and continue northward 
until the deposit is at approximately 920 m, corresponding to the start of the lower unit (Figure 6.9 
and Figure 6.10). The unit is 1.1 km in length and in consequence the surface is descending on 
average almost a 1:4 slope (14°). This, along with the 1:50000 topographic maps (Figure 6.9) hide 
irregularities in the slope form. The slope is stepped in nature (Figure 6.12 and Figure 6.17) with at 
least 4 steps present in the unit. These steps are curvilinear in plan shape with the lateral edges of 
the step further downslope than the centre, rather like small versions of the source scar. These 
steps or scarps are steeper than the surrounding slopes, up to 30° compared to the general trend 
being < 15°. A major difference between this unit and the westerly directed flow is the lack of run­
up, here a clear trirnline is observed only a few metres above the present day deposit surface. The 
trirnline is best observed on the eastern side of the deposit and consists of clear break above which 
there is no further rock avalanche debris (Figure 6.18). The layer of debris is relatively thin and 
mantles the slope topography with the underlying topography showing through in the trirnline 
surface. The trirnline is very linear and can be clearly followed back to the northern base of the 
source scar, crossing spurs and scree deposits. As the trirnline approaches the source it shows more 
vertical relief and becomes more of a lateral levee, a 'raised rim' often noted at rock-avalanche 
deposits (Hewitt, 1999). Younger screes and gravels from more recent mass movements (Figure 
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6.12) now overlie part of this trim line and parts of the eastern deposit margin where a trimline is 
absent. 
This section of the rock avalanche tenninates at the bottom most step visible at around 920 m, 
where the headwaters of a stream (that becomes West Branch Otehake) are located (Figure 6.9). 
6.2.4.2.2 Lower unit 
The lower deposit of the rock-avalanche deposit includes all of the material below 920 m a.s.l. to 
the terminus at ~ 680 - 700 m a.s.l., a distance of 2.3 km (Figure 6.9 and Figure 6.10). The actual 
northern termination of the deposit is unpreserved with its inferred position lying in the confluence 
area of the West Branch Otehake and several minor tributaries that have eroded the terminus 
(Figure 6.11and Figure 6.12). The absence of swash marks and / or a trimline confIrm that the rock 
avalanche did not travel further north-east or north-west into a tributary valley. 
This section of the rock avalanche is characterised by its relatively gentle surface slope of 1: 10 
(11 0 or less) and low surface relief (Figure 6.12 and Figure 6.18) when compared to the upper 
deposit and westerly directed flow. This surface relief rarely exceeds a few metres as a series of 
depressions and mounds. The lower half of this section has been eroded by the West Branch 
Otehake to reveal a previous bedrock gorge overrun and filled by the moving rock avalanche 
(Figure 6.11 and Figure 6.12). The bedrock gorge is up to 8 m deep and cut through greywacke, 
with few argillite beds. The bedrock is extensively fractured and jointed in many orientations with 
bedding close to vertical and spaced at 30 - 50 cm striking - 090. It is unlmown if the bedrock in 
the gorge is naturally this fractured or if it is a consequence of the passage of the rock avalanche 
impacting against the bedrock. 
Two trinllines are observed in the fIeld (Figure 6.18) and more clearly on stereo aerial photographs 
(Figure 6.11), one in the upper half of this section on the west, and the other further down-flow on 
the east. The trimlines are recognised by the absence of rock-avalanche debris above them and 
from a scouring/stripping of the vegetation with subsequent re-colonisation. Both trimlines 
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correspond to the outside of bends in the valley plan form (Figure 6.11) with the rock avalanche 
material swashing on the turn. These trimlines have been used by McSaveney and Davies (1999) 
to estimate the speed of the rock avalanche as 46 ms'\ , and 24 ms· l at these points using the 
velocity head equation. 
6.2.5 Surficial features 
The rock-avalanche deposit shows clear surficial structure with a range of orientations. Structure is 
difficult to describe in the cross valley deposit as strictly longitudinal or transverse due to the 
material crossing the valley floor to the west and then contributing to the material moving down 
valley northwards (Figure 6.10). It is useful to again split the deposit and describe the features 
observed in the cross-valley directed debris and the down valley directed debris of the upper and 
lower section. 
Surface features show clearly in stereoscopic aerial photographs (Figure 6.11) that have been 
specifically enlarged (T. Davies, Canterbury University, N.Z, black and white, 1986 run flown by 
NZ Aerial Mapping Ltd (run SN 8584, images C/9 and CIlO». By use of a stereoscope the 
surficial features are shown at a resolution estimated at - 5 m, or less when looking at linear or 
continuous features. After high resolution scanning it is then possible to use contrast stretching and 
image enhancement to allow the lithological variations clearer for observation and interpretation. 
Although a scanned image of one of the stereo-pair of aerial photographs is presented in figure 
6.11 it must be noted that the resolution is far below that viewed through a stereoscope and many 
features may not be observable on the figure. 
6.2.5.1 Cross-valley directed debris 
Surface features of the cross-valley directed debris including the very minor southward-directed 
debris are well developed. The cross-valley directed debris shows the greatest surface relief of the 
deposit with mounds and depressions up to 10m in relative relief (Figure 6.14 and Figure 6.15). 
These mounds or hummocks are common on the surface of rock-avalanche deposits (Wright, 
1998) and are best viewed using aerial photography. Aerial photography reveals that some of the 
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hummocks show lobate morphology with the tail of the lobe orientated toward the source region 
(Figure 6.12 and Figure 6.15). In total 17 lobes have been identified at a scale recognisable on 
aerial photography,S in the south unit and the rest in the major unit of the westerly flow. Lobes 
vary in size from 10 m maximum axis length to ahnost 300 m (Figure 6.12) showing a length / 
width ratio of around 2: 1. In the field the margins of these lobes appear sharp with abrupt changes 
in surface slope at around 30° or less between a lobe and flatter inter-lobe deposit surface. The 
debris making up the hummock surfaces appears the same as the lithologies inferred to underlie 
the hummocks and the surrounding hummock margins. The hummocks themselves are not discrete 
lithological units and contain both greywacke and argillite banding. The lithological banding 
preserved in both hummocks and non-hummocked areas show two primary orientations, 
sometimes crossing but usually with one band terminating against another. The orientations are 
broadly east - west and northwest - southeast, with a 50° angle between them - both are broadly 
orientated toward the source scar and original bedding. From the aerial photographs it is noted that 
the east - west bands usually terminate against the other preserved stratigraphic orientation with 
only one exception out of 12 observed. 
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Figure 6.17 View east from trimline onto major unit of westerly flow, two hikers marked for 
scale. Preserved stratigraphy is clear (arrows) , parallel to inferred flow. To left of view is the 
upper unit of the down valley flow showing the steep 'steps' (dotted) transverse to flow overlain 
by recent deposits (solid line). 
Figure 6.18 View onto the lower unit of the down valley flow. The unit is characterised by low 
surface relief and low surface gradient. The surface is finer, characterised by vegetation 
colonisation. Trimline of rock-avalanche flow is marked on the right. Stream is 3 m wide in 
foreground . 
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6.2.5.2 Down valley deposit 
6.2.5.2.1 Upper unit 
The upper deposit shows similar preserved stratigraphy (Figure 6.17) as the westerly directed flow, 
as linear bands of argillite and greywacke. Hummocks/lobes are absent and it is possible to 
observe the preserved bands in the field as well as on aerial photographs. However, only one 
orientation ofbanding is present, north - south directly down Valley. Field observations picked out 
one argillite band in particular that was 3 -5 m wide and continuous for several hundred metres 
(Figure 6.11 and Figure 6.17). The band consists ofhighly shattered argillite, clasts were estimated 
to be no larger than 20 cm across and readily disaggregated on touch. The band was clast 
supported and contained almost no visible matrix in contrast to the interior that shows preserved 
stratigraphic bands that are usually matrix supported (Section 6.2.6). This band curves as it 
approaches the source region toward the scar but is covered by more recent scree 200 -300 m 
before it would be inferred to reach the scar base near the concave Section of bedrock that did not 
fail in the scar. 
6.2.5.2.2 Lower unit 
Surface features on the lower deposit are partially obscured by vegetation cover and low 
hummocks ofrock avalanche material (Figure 6.18). It was noted in the field that hummocks often 
were mono lithologic, usually greywacke blocks several centimetres to metres across. Preserved 
surface banding was not observed in the field but linear features are found on the aerial 
photographs (Figure 6.11). The linear features are thin as were the argillite bands observed on 
other parts of the deposit and orientated down valley (northeast - southwest at this point). The 
bands are picked out by vegetation lines, vegetation was noted to first colonise the fmer broken up 
argillite regions before greywacke areas. For these reasons it is likely that the linear features 
represent lithological banding. The possibility that the feature(s) observed could in fact be a relict 
fluvial feature such as a surface channel that developed post-depositional before the channels 
settled into the present marginal positions cannot be fully discounted without further field study. 
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6.2.6 Interior of the rock avalanche 
The tributaries of the West Branch Otehake River have incised the rock-avalanche deposit in the 
lower deposit of the down valley flow (Figure 6.9, Figure 6.10, Figure 6.11, and Figure 6.18), this 
has exposed large, continuous sections mainly orientated parallel to flow. The thickness of 
exposure varies from < 1 m up to 20 m, in some places exposing the total thickness of the deposit 
(Figure 6.19). These sections reveal that only the very surface of the deposit is formed from 
coarse boulders and cobbles, the material underlying this is much finer and shattered. Preserved 
stratigraphy is visible in all sections usually as a series of sub-horizontal bands (Figure 6.19) that 
dip shallowly east, composed of either argillite or greywacke matrix supported clasts that are 
highly fractured but relatively undisaggregated (Figure 6.20). The bands vary in thickness with the 
argillite bands usually th:i1mer, generally < 1 m, with greywacke bands up to 8 m thick. Bands are 
often continuous and can be followed for many metres with a sharp, usually planar boundary 
between bands. Lenses of material were also observed; usually argillite lenses several metres 
across within thicker greywacke bands. 
Clast size ranges from < 1 mm up to 30 cm with the largest clasts found in the thicker greywacke 
domains. 3-D jigsaw texture is well developed (Figure 6.20) with larger clasts showing what 
appear to be impact points with fractures radiating outward through the shattered clast (Figure 
6.20). These fractured clasts are surrounded by, and have the fractures filled by, a fine matrix 
consisting of the same material as the band type. No vertical or lateral grading of the material can 
observed at outcrop scale apart from the presence of the coarse surface mantle, the main body 
shows variation by band type only. 
A lateral section cut by a west flowing stream (Figure 6.19) provides a good exposure of the basal 
region of the rock avalanche at GR: 02856-14355, 838 m a.s.l. Tree stumps and logs orientated 
downflow (N) are found above a weathered river terrace along the base of the rock avalanche. The 
tree remains do not show clast impact marks, they are either absent or unpreserved as the wood is 
soft and weathered. The rock avalanche basal region contains numerous ripped up rounded 
alluvial clasts (eroded and transported by the avalanche) that are unfiagmented, surrounded by the 
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Figure 6.19 Basal to surface exposure (30 m) in the lower unit of down vaUey flow. The base 
shows entrainment of rounded alluvial pebbles and boulders as well as wood material. The main 
section is made up of bands of highly fragmented but relatively undisaggregated clasts of 
greywacke or argillite . The surface is made up of an openwork of coarse boulders with a sharp 
contact with the fine material below. 
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Figure 6,20 View of highly fractured but relatively undisaggregated greywacke clast from the 
interior. The fractures radiate from two points. The clast is slightly unusual as there is no matrix 
infill within the fractures suggesting it is a recent event or confinement has not allowed fracture 
infil!. 
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fractured but undisaggregated argillite and greywacke clasts of the main body of rock avalanche. 
These rip up alluvial clasts range from centimetres in diameter to several metres across implying a 
very energetic basal contact zone. The section becomes more disordered from the base upwards 
but no type of grading, melt layer, or bulldozed alluvium is visible and the rock avalanche has 
clearly interacted with the material underlying the travel path. In this section (Figure 6.19) there is 
also a single large (3 -4 m across) preserved greywacke boulder that is highly fragmented but 
undisaggregated, this is unusual as it differs from the normal pattern of continuous bands of 
fragmented material. 
6.2.6.1 Sample sites 
Detailed descriptions of the localities and sedimentology where samples have been taken are 
provided in Appendix F. The sedimentology of the sampled exposures correspond closely to the 
description given above as all samples other than Fm02 2.1 - 2.2 are taken from the lower unit of 
the down valley directed flow. Samples Fm02 2.1 are taken from the major unit of the westerly 
flow (Section 6.2.4.1.2) where the flow impacted against the slopes of Mt. Oates and exhibit 
different sedimentology and stratigraphy (see Appendix I). Samples were taken firstly using the 
PST (Section 3.3.2) and subsequently using the ESM (Section 3.3.3). The evolved method was 
required to accurately constrain the grain size data as the clast size range was large, without field 
sieving of larger volumes and at larger sizes the data would only be partial. The evolved method 
constrains the full range of particle sizes observed in the interior of the deposit and samples 
enough material to be representative of all sizes observed. 
For this reason the data obtained using the PST are not presented in the results section of this 
research. 
All of the samples taken at Falling Mountain are interpreted to belong to the preserved banding 
facies. As at Acheron observations suggest that the sedimentology of rock-avalanche deposits may 
vary significantly from the basal region to the surface. The surface region is a coarse boulder 
network overlying the fine fragmented matrix supported interior. The basal region again shows 
entrainment and interaction with the substrate. 
105 
let ·'iilE"" 
Chapter 6 - New Zealand rock-avalanche deposits studied 
6.3 Poerua rock avalanche 
6.3.1 Introduction and setting 
The Poerua rock-avalanche deposit fell into the Poerua River gorge, Westland, New Zealand on 
the 6th October 1999. The rock-avalanche deposit created a landslide dam impounding a large lake 
that overtopped the day after formation and partially failed six days later. The rock-avalanche 
deposit at the time of sampling (2002) impounded a small lake and sustained a breach (spillway) 
channel approximately 40 m deep through the dam crest armoured with large schistose boulders 
(Figure 6.24 and Figure 6.25). 
The Poerua rock-avalanche deposit is inaccessible by all means other than helicopter due to its 
position upstream of the tight Poerua River gorge. For this reason only brief examination of the 
deposit could be carried out including; sampling of the interior in the breach channel, examination 
of the major features and extent of the deposit, and, an unsuccessful attempt (weather) to view the 
source region. 
Due to the relatively short visit to the site much of the following detail to set the samples in 
context to the overall deposit sedimentology and sequence of events has been taken from the site 
investigations undertaken by Hancox et at (2000). 
6.3.2 Rock avalanche trigger 
The Poerua rock avalanche was not triggered by any specific event. Contributing causes identified 
include; progressive weathering and erosion, slope undercutting via smaller landsliding, and two 
small earthquakes shaking the region ten days before failure. The failure itself, once triggered, 
created seismic signals with an event magnitude ofML 3.2. This along with local resident's reports 
has provided a rare glimpse into the fall of a rock avalanche. 
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Local residents reported loud rumblings upstream in the Poerua Valley at 3am on the 6th October 
1999 lasting for around two hours. Smaller rockfall events were heard throughout the following 
day. The seismic record for the rock avalanche supplies more detail. The main collapse lasted for 
just 25 seconds and was interpreted to be the main bulk of the failed material emplacing. The 
subsequent noises of rockfall were not seismically recorded suggesting far smaller secondary 
failures. 
6.3.3 Rock avalanche source 
The source of the Poerua rock-avalanche deposit (Figure 6.22) is the north-eastern face of Mount 
Adams (2120 m). The main scarp of the source is 900 m wide at it maximum and is within the 
metamorphic schistose equivalents of the greywackes previously described at the Acheron and 
Falling Mountain rock-avalanche deposits. The schist consists of well foliated pelitic biotite 
schists interlayered with stronger bands of massive psammitic schist. The bedrock dips 60° south­
east (Hancox et al, 2000), approximately into the slope of failure. The scar is not observed to be 
deep and the failure is interpreted to have been primarily translational involving a thin slab of 
bedrock 20 - 50 m thick, involving 10 - 15 X 106 m3 of material. The 3 km long failure path of 
1790 vertical metres slopes at around 37° in the lower portion and 45 - 57° in the upper reaches. 
The lower portion of the failure zone consisted of loose colluvium that was incorporated into the 
rock avalanche. 
6.3.4 Rock avalanche morphology and extent 
The Poerua rock-avalanche deposit is a contrast to those described so far. After falling from the 
source region it travelled across valley with a destructive wind blast, shown at this deposit due to 
the dense forest opposite the source and the recent nature of the event, (Figure 6.23) and came to a 
halt with little down-valley spreading. The resulting deposit was a 100 m high landslide dam 
blocking the full 450 m width of the valley for a length of 650 m Maps of and cross sections 
through the deposit soon after emplacement were made by Hancox et al (2000) and are presented 
in Figure 6.21. 
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Figure 6.22 The source of the Poerua rock avalanche, Mt. Adams (2120 m). Photograph courtesy 
ofT.R.Davies. 
Figure 6.23 The surface of the Poerua rock-avalanche deposit, person for scale. The schistose 
blocks reach 8 m across in the foreground. Note the wind blast damage to the forested region in the 
background. Surficial material in the background is finer and contains fewer boulders. 
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6.3.5 Surficial features 
The rock-avalanche deposit showed large 3 - 8 m schistose boulders on the surface (Figure 6.23) 
and also armouring the breach channel. On the valley side furthest away from the source region the 
surface appears finer with fewer such boulders (Figure 6.23), it is not clear if this is secondary 
fluvial/lacustrine reworking, colluvium from the lower part of the failure or a primary 
depositional feature of the rock avalanche. The large boulders armouring the breach channel 
(Figure 6.24) are interpreted to represent surficial boulders that have fallen into the breach channel 
and have resisted the river flow as it has eroded rather than being in-situ interior clasts. 
The surface morphology is characteristically pronounced, consisting of mounds and depressions. 
Cross sections and observations show that the bulk of the debris has not deposited against the 
distal slopes and runup is limited, the debris is quite equally distributed with a large portion 
remaining near the bottom of the source slopes. It is not clear what effect the later deposition of the 
smaller failures after the 25 s main emplacement has had on this distribution of mass. 
6.3.6 Interior of the rock avalanche 
Initial observations by Hancox et ai, (2000) suggested that although the surface of the deposit was 
fonned of coarse boulders (Figure 6.22) , the interior was more likely to be sand and silt grade 
material. Observations support this although the interior of the deposit, as viewed in the spillway 
channel (Figure 6.26) suggest a range of clast sizes above sand grade, ranging to coarse gravels. 
The debris is predominantly matrix supported with few examples of fractured but undisaggregated 
clasts found. Preserved lithological banding is absent from the exposure viewed but the r"...o 
distinct schistose rock types are of similar appearance with foliations being the obvious features in 
larger clasts rather than lithological/mineralogical variation. The interior is interpreted to either 
belong to the preserved banding facies, although further study would be needed to constrain this, 
at present the evidence is only sufficient to show the deposit as belonging to the structureless 
facies. 
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Figure 6.24 View upstream through the Poerua rock-avalanche dam breach channel. Samples were 
taken on the true right (left in view) of the channel. The boulder annoured channel is - 40 m deep 
at this point. 
Figure 6.25 View upstream over the ternunus of the Poerua deposit to the area formerl y filled by a 
large dam-impounded lake, now showing fine lacustrine deposits. 
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Figure 6.26 Close up of P2 sample location in the breach channel. 3-D jigsaw texture is absent, 
the schistose clasts are angular and matrix supported. Preserved stratigraphy is difficult to 
distinguish due to the similar nature of lithologies present in the source region. 
6.3.7 Sample sites 
Three samples were removed from the Poerua rock-avalanche deposit in the north-eastern breach 
channel side (Figure 6.24 and Figure 6.26). Due to the time constraints the entire sample of 10­
12 kg required for ESM was removed without field sieving for full laboratory analyses. Obvious 
variations in lithology were not observed between samples; samples were taken approximately IS 
m below the surface and 10m apart in the central (lengthways) region of the deposit. Sampling 
removed surface boulders armouring sample sites to remove only in-situ debris. 
6.4 Round Top (Kowitherangi) rock avalanche 
6.4.1 Introduction and setting 
Little has been published on the Round Top rock-avalanche deposit. It had previously been 
mapped as a glacial feature (Warren, 1967), a very common occurrence for rock-avalanche 
deposits (Hewitt, 1999). Due to restricted field time available little time was spent investigating 
the morphology, extent and features of this deposit other than what was necessary to confirm it 
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was correctly identified as rock-avalanche deposit and to take a sample and density measurement. 
What follows is a brief summary of the detailed investigation of the deposit by Wright (1998) to 
set the sample and sedimentology observed into context. The Round Top rock avalanche is the 
larger of two rock avalanches that fell from Round Top, a hill 775 m high positioned southeast of 
the Alpine Fault in central Westland. The rock avalanche fell arOlUld 1000 yrs ago during a rupture 
of the Alpine Fault sending 45 x 106m3 of schist derived mylonite and protomylonite from the 
Alpine Fault hanging wall 4.8 km northwest, covering an area of 5.6 km2 with a total vertical drop 
of570m. 
6.4.2 Rock avalanche trigger 
Wright (1998) notes that either heavy rainfall or seismically induced ground movement is the 
likely trigger for the rock avalanche. A number of fault-localised seismic effects active on the 
northwestern face of Round Top favour a seismic trigger over a precipitation trigger (see Wright 
(1998) for further details). Although a precipitation trigger cannot be ruled out, the presence of the 
Alpine Fault trace, the localised seismic effects calculated for the hill (Round Top lies on a 
compressional jog of the Alpine Fault), and dating of other mass movements including rock 
avalanches (Bull, 1996, Whitehouse and Griffiths, 1983) support a fault rupture around 1000 years 
ago. The age attributed to the Round Top deposit using radiocarbon dating of buried logs is AD 
930 ±. 50 years which agrees well with growth ring cores of the forest (matai, Prumnopitys 
taxifolia) growing on top of the deposit, dated at 620 ±.100 years - the youngest the deposit can be. 
6.4.3 Rock avalanche source 
Round Top (775 m) has been the source of at least three major mass movements; the scars are 
visible as zones of younger vegetation on the northwestern face. The hill consists of schist derived 
mylonite and protomylonite (curly schist) from the hanging wall of the Alpine Fault. The schists 
are the metamorphic equivalent of the greywackes of the Torlesse Supergroup observed at Falling 
Mountain and Acheron. The lower slopes of the hill, and lower parts of scars overly the Alpine 
Fault trace and so a large amount of shearing and uplift are inferred (Wright, 1998). 
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6.4.4 Rock avalanche morphology and extent 

The rock avalanche consists of 45 x 106m3 of mylonite covering 5.6 km2 (Wright, 1998) of alluvial 

plain in a broadly lobate shape extending from the base of the scar northwest toward the Toaroha 

River (Figure 6.27). The maximum ronout of the rock avalanche is 4.8 km (Wright, 1998) which 

corresponds to the centre line of the deposit. The maximum width of the deposit is around 2 km, 

roughly marked by the road crossing the deposit. Wright (1998) mapped the deposit and identified 

distal, lateral and proximal regions that are described as alluvially reworked, they relate to margins 

of the deposit along the Toaroha River, Cunningham Creek and an unnamed stream respectively. 

These modified areas are all included in volume, length and width calculations. 

6.4.5 Surfical features 

The entire surface of the rock-avalanche deposit is vegetated, either with natural grass and scrub or 

pastureland cleared for farming. The vegetated surface does however preserve hummocky terrain, 

a likely reason the deposit was misidentified as a glacial feature. In the Himalayas, early geologists 

and geomorphologists often interpreted areas of hummocky terrain in mountainous regions as 

moraines, only recently have they been reinterpreted as landslide deposits (Hewitt, 1988). Wright 

(1998) noted that the hummocks vary in size and thickness up to 40 m in height and up to 150 m 

wide, with the hummocks height decreasing with distance from source and margins. Inter­

hummock depressions often contain small lakes and ponds up to 300 m across (Wright, 1998). The 

orientation of these hummocks is not described but field study and use of an aerial photograph 

(Wright, 1998, figure 2, pp. 495) show the hummocks long axes running parallel to inferred flow 

direction with the steep lee side facing downflow. 

6.4.6 Interior of the rock avalanche 

Wright (1998) has divided the interior of the Round Top rock avalanche into three distinct units; 

intact fractured blocks of mylonite, disrupted mylonite blocks and crush, and entrained basal 

material 
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6.4.6.1 Intact fractured blocks of mylonite 
Based on cuttings through hummocks Wright (1998) attributed most of the volume of individual 
hummocks to a single fractured mylonite block. Foliation can be traced through these blocks for 
up to 15 m even though some are pervasively fractured on a small scale. This is consistent with 
preserved stratigraphy and 3d jigsaw texture commonly observed in rock-avalanche deposits, for 
example at Falling Mountain (Section 6.2.6). Some blocks have been fractured to powder 
resembling fault gouge, yet other clasts up to 3 m across remain unfractured. 
6.4.6.2 Disrupted mylonite blocks and crush 
This unit was observed by Wright (1998) to make up the surface layer over most hummocks and 
consists of debris ranging from silt/sand up to blocks 3 m wide, all angular or sub-angular in 
shape. 
6.4.6.3 Entrained basal material 
Where basal regions of the deposit are visible, such as along Cunningham Creek, river gravel that 
comprises rounded and exotic clasts, and moraine derived boulders are found incorporated into the 
rock avalanche. These basal regions also show a layer 1.5 m thick of logs and other tree material 
such as uprooted tree stumps, surrounded by rock avalanche material not noticeably any different 
to the rest of the deposit (Wright, 1998). No preferred orientation was found by Wright (1998) for 
this debris and it is one of these buried logs that were subsequently radiocarbon dated at AD 930 ± 
50 years. Investigation of the northem margin of the deposit along the Toaroha River with Dr. 
McSaveney (GNS) in 2002 showed similar small wood fragments buried in alluvial deposits 
directly underlying the rock avalanche base. 
6.4.6.4 Sample sites 
Sampling was carried out using the PST at a single site located in small road gravel quarry as this 
was considered accurate to constrain the fine grain size material observed. Observations across the 
rock -avalanche deposit show that the sample belongs to the preserved banding facies as varied 
forms of metamorphic rock types within the schist are recognisable. 
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Figure 6.27 Map of the extent of the Round Top rock-avalanche deposit (reproduced from Wright, 
1998, Figure I). The deposit is unconfined and shows lobate morphology. 
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7 RESULTS - INDIVIDUAL ROCK-AVALANCHE DEPOSITS 
7.1 Introduction 
In the previous chapters each of the deposits studied had been introduced separately to allow an 
evaluation of the differing sedimentological features observed. As a result, a number of facies have 
been proposed for the interior of deposits that are common to all. In this chapter the results of 
sampling the facies for grain size analyses is presented for individual deposits. Following this is a 
further chapter that takes the data from each deposit as one larger, single data set that can be 
analysed for 'global' trends in the sedimentology ofrock-avalanche deposits. 
7.2 The Acheron rock-avalanche deposit 
7.2.1 Grain size distributions (GSD) 
The raw sieve data for the twenty samples taken at the Acheron rock avalanche can be found in 
Appendix A along with the calculated GSD for each sample in the form of weight percent 
histograms. A smoothed plot of the GSD data is shown in Figure 7.1 and the data in weight 
percent fmer form in Figure 7.2. The GSD's are broadly similar in nature apart from sample Acl 
that shows an anomalously coarse GSD. Samples Ac2 - Ac20 show a fine tailed distribution with 
the 8 rom size fraction being the largest by weight. The samples typically show unimodal 
distributions although Ac19 is bimodal. The coarse GSD shown for Ac1 relates to a sample 
position adjacent to a large greywacke boulder that is intact other than a 'corona' of fragmented 
material. This texture is similar to fractured but undisaggregated clasts commonly found but the 
fracturing has occurred on the boulder margins rather than across the whole boulder. The Ac1 
sample represents the fragmented clasts of this boulder edge set within a fine matrix. 
With the GSD for each sample calculated the weight percent data are inputted into GRADISTAT 
(Blott and Pye, 2001) to yield descriptive statistics for individual samples. The raw data produced 
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Figure 7.1 GSD plots for all Acheron samples as a smoothed weight % histogram. 
by GRADISTAT are contained within Appendix C, the following graphs and results are based 
upon this analysed data set. 
A common sedimentological plot is that of median grain size against sorting, often used to show 
clusters of similar data - for example fields have been delineated on such a plot to distinguish 
pyroclastic fall as opposed to flow deposits (Walker, 1971). For the Acheron data, taken in a single 
rock type (greywacke) it is useful to split the data into the height above the basal contact as a split 
by lithological variation is not possible, this is shown in Figure 7.3. The median grain size ranges 
from around - 3 phi (8 mm) to - 1.5 phi (3 mm), the anomalous Ac 1 value plots close to - 4 phi 
showing its anomalous GSD. 
The sorting of the samples is a far more limited range. All of the data are within 0.3 (log method of 
moments, Phi units) of the boundary between very poorly sorted and poorly sorted. There is no 
observable relationship with median grain size, sorting at the Acheron rock avalanche is 
independent of median grain size. 
Ac2 
Ac3 
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Figure 7.2 GSD plots for all samples in weight % finer foml. 
A plot of the sorting of the samples and their height above the basal contact can be plot1ed against 
distance along section to test if there are lateral variations in the sorting values (Figure 7.4). The 
plot shows that there is no relationship between sorting and height above the basal contact, nor 
with distance along section (transverse to flow). It does, however, show in the region of the plot 
where there are data from different heights that the basal samples are more poorly sorted. This data 
set is too limited due to the thin variable exposure to further explore this relationship at the 
Acheron deposit. 
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Figure 7.3 Median grain size against sorting for Acheron GSD data broken up by height above 
basal contact sample removed from. Outlier is identified as sample Ac I discussed previously in the 
text. 
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Figure 7.4 Distance along Section (transverse to flow) against sorting for the Acheron GSD data. 
Lines joining points show common height samples removed from. Sample Ac I is the point at 0 m 
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Figure 7.5 Mean grain size against height above basal contact for Acheron GSD data. 
Figure 7.3 shows that mean grain size also has no relationship to height above basal contact. This 
can be displayed more clearly on a plot of mean grain size against height above basal contact 
(Figure 7.5). 
It is useful at this point to introduce the concept of using the amount of gravel in a sample as an 
indicator of average grain size or coarseness. Weight percent gravel in a sample can be used in a 
plot instead of mean or median grain size to show average grain size as the points often show a 
clearer relationship less affected by the fine tail data. A comparison of using weight percent gravel 
as opposed to median grain size is shown by comparing Figure 7.6 to Figure 7.5. There is little 
variation between the plots and weight percent gravel can therefore he used as a proxy for average 
grain size or as an indicator of coarseness during this study. Further uses of weight percent gravel 
will become clearer in the flOwing results chapters and discussion chapters, but for reference, 
gravel refers to clasts of 2 mm and larger for the size ranges used. 
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7.3 Acheron rock avalanche - Result summary 
The Acheron rock-avalanche deposit: 
• Is very poorly to poorly sorted 
• The basal zone maybe more poorly sorted than the near surface 
• Consists of samples showing finely skewed GSD's 
• Shows a fractal distribution for each sample 
• Shows increasing fractal dimension with decreasing grain size 
• Shows no evidence of inverse grading in the interior of the deposit 
Height % Gravel 
So<tiog 1 [ F"",I k,~::: --- Mean 
Figure 7.12 Flowchart summarising the correlations for the Acheron rock-avalanche deposit. Red 
is a positive relationship, green dashed is a negative relationship. A positive relationship for the 
grain size measures is of coarser values. 
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7.4 Falling Mountain rock-avalanche deposit - Results 
7.4.1 Grain size distributions (GSD) 
The raw sieve data for the Falling Mountain rock avalanche can be found in Appendix A. For the 
samples taken at the two exposures the ESM was used (Section 3.3.3). This requires that samples 
removed from the exposures are analysed for their moisture content to correct all field sieved data 
to laboratory temperature and humidity conditions. The plot created from these data is shown in 
Figure 7.13 along with the formula then used to derive the dry weight of field sieved material. 
750 ~ 
700 
\ 
_ 	 650 
~ 
E 	600 ICD 
.~ 	 550 
CI> I500 1~ 
'" ~ 450 l 
.;: 400 
i 	350 ~ JOO I 	 IY" 09335,. 581iil> o 	
'50 • [ R' " 099" ! 
200 L I" .on 1LDCa::J· 
.-- --,. __ 	 6 Location 2 
300 350 400 	 x Clast ---::-------,------r---­
450 500 550 600 650 700 750 800 
Wet collected sample weight (g) 
Figure 7 .13 Calibration plot to adjust wet field weights to laboratory conditions. 
The GSD's calculated from these sieve data are shown in the form of weight percent histograms 
for each sample in Appendix A. A smoothed plot showing the shape of all calculated GSD's is 
shown in Figure 7.14. The plot is broken down by the lithological band type the samples were 
taken from, either greywacke or argillite. The plot shows that the lithological band the sample is 
taken from in the preserved banding facies is a control on the final GSD. The clearest difference 
between the two band types is at the - 1 Phi (2 mm) point. At this point the samples are 
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differentiated by lithology alone. Argillite samples have a finer overall distribution and have the 
highest weight percents in this region. The greywacke bands have coarser distributions with a 
wider area of the grain size and have the highest weight percents in this 2 nun region . 
A plot of the cumulative weight percent for all samples (Figure 7.IS) shows these relationships 
more clearly. On Figure 7 .IS the two band types show similar distributions below 2 Phi (0.2S nun) 
where there is usually less than five percent by weight finer. At sizes above this the data segregates 
by the lithological band type . The greywacke band samples GSD ' s are towards the coarse end of 
the scale (right on Figure 7.IS) whilst argillite samples lie toward the fUles (left on Figure 7.1S). 
This can be illustrated by looking at the fifty percent by weight line (median grain size), all 
argi llite samples have > SO % finer than- 3 Phi whilst greywacke samples have < SO % finer than ­
3 Phi. 
This relationship is true of Exposure 2 samples with the argillite sample showing a finer 
distribution than the greywacke sample. Both exposure 2 samples are significantly coarser than 
exposure I samples in terms of maximum clast size and overall distribution. 
The argillite sample taken close to the deposit surface is a notable exception to this data 
segregation on the basis of lithology. Sample Fm02-IS is argillite but shows a different GSD to all 
other argillite samples (Figure 7 . IS). Below - 4 Phi Fm02-IS is similar in distribution to the 
argillite sample taken at Exposure 2, it is much coarser than all Exposure I samples regardless of 
lithology. Above - 4 Phi , however, the similarity ends and by - S Pill the distribution is similar to 
the coarsest of the greywacke samples. Fm02-IS does not contain clasts as coarse as Exposure 2 
nor as many at the coarse end of the scale, suggesting that the surface although coarse, is not as 
coarse as the proximal interior of the deposit. 
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Figure 7. 16 Median grain size against sorting for Falling Mountain samples broken down by 
lithology and site. 
A plot of the median grain size against sorting for the Falling Mountain data (Figure 7.16) not only 
shows both the difference in grain size between band types again but also that sorting appears 
independent of both sample site and lithology this can be tested more satisfactorily in plots and 
statistical analyses that will follow. 
All samples lie within the very poorly sorted field (Figure 7.16) except for one point that is poorly 
sorted but close to the very poorly sorted boundary. The near surface layer sample does not show a 
sorting value significantly different to the other interior samples. The relationship between 
lithology and GSD is highlighted again clearly by use of median grain size. It is only the near 
surface argillite sample that is has significant deviation from the pattern of greywacke band 
samples having coarser median values than argillite preserved bands. It can also be seen just how 
much coarser the Exposure 2 samples are than Exposure 1, with both showing similar values for 
sorting to each other and the Exposure 1 samples. 
The sorting of the samples can be plotted against variables other than lithology to test fo r 
controlling or related variables not possible wi th the Acheron rock avalanche data set. Va riables to 
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test include, height in exposure, band thickness (for lithological boundary effects between varied 
stratigraphy), and fractal dimension if the data proves fractal. 
Plots reveal a relationship (Figure 7.17) between sorting and altitude (and so relative height in 
exposure between samples) with the deposit better sorted towards the top . Exposure 2 samples 
have not been included in this plot; they are ~ 400 m higher up than all Exposure I samples and 
when included, the Exposure I sample data are restricted to a narrow band on the plot with all 
variations obscured, it becomes a plot comparing the two exposures rather than height in Section. 
Also the preserved banding facies at Exposure two is vertical, at Exposure I sub-horizontal, the 
two samples would plot at the same location on such a plot. 
Figure 7.16 and Figure 7.17 also show that sorting of samples has a weak lithological control. This 
relationship is not as clear on the Figure 7.16 as Figure 7.17, argillite samples are generally better 
sorted than greywacke samples, the boundary between the two is ~ 2.32 Phi with greywacke band 
samples above this value and argillite below. This is not related to original source rock properties 
of argillite being a better sorted sediment than greywacke, the clasts here are newly generated. 
The accessible large exposures at Falling Mountain offer gTeater chances to look at internal 
variations in gTain size that were not possible at the thin Acheron deposit. Other than the variation 
in sorting with height in section it is possible to look at the change in grain size with height. 
Previous plots have mainly identified relationships based only on lithology, not taking into account 
the litholological bands position in the exposure(s) itself. Figure 7.17 shows the variation in 
median grain size with altitude in Exposure I , noting that the section runs to within 10 m of the 
surface (Fm02-IS) and is considered near basal (Fm02-0 I) after reconnaissance. This is important 
as previous studies have described rock-avalanche deposits as showing crude inverse grading 
(Hewitt, 1988). The plot shows no evidence of internal grading, inverse or nOlmal. The section 
shows variations in grain size based upon lithology alone, moving from a greywacke band to an 
argillite bands will show an increase in grain size, moving from an argillite band to a greywacke 
band will show a coarsening. This is not a smooth grading, the boundaries between lithological 
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units are sharp and the change in grain size correspondingly abrupt. As described previously the 
greywacke bands are coarser than argillite. Where two samples were taken from a particularly 
thick greywacke band (Fm02-0 I and 02) the individual band grades normally, it fines upwards. 
This is also true of two argillite bands sampled (Fm02-09 and 10), spilt into two bands as the top 
appeared to be of mixed greywacke I argillite origin with dominant argillite lens ' . 
The only inverse grading is seen at the very top of the exposure, less than 10m from the surface of 
the deposit. Sample Fm02-15 is argillite but the clast size the rock is fragmented to is coarser than 
all samples regardless of lithology. Field observation supports this being a very coarse layer and 
noted that this layer extended to the deposit surface, also argillite at this point. Again though this is 
not a smooth grading, this coarse argillite is distinct from the argillite layer immediately below. 
The coarse clasts appear suddenly and along a sharp boundary parallel to the lithological banding. 
It is debateable whether this can be termed inverse grading, grading should strictly refer to a 
change of clast size over the section, not over an abrupt, distinct boundary. For this research this 
will not be termed grading it is clear that the surface 'layer' or 'carapace' is a distinct unit as 
compared to the interior and is not a continuation of the interior that simply becomes coarser. 
A more representative way of showing the variation in grain size through lithological variation is 
with a sedimentological log (Figure 7.19). The log represents the sharp boundaries between units 
and the reliance of GSD and related descriptive statistics such as the median grain size on these 
lithological variations. There is no inverse grading of the rock-avalanche exposure other than 
normal grading within the near basal greywacke basal unit - this cannot be discounted as 
preserved grading from the original source rock. 
7.4.2 Fractal dimension analyses 
The density value used for Falling Mountain greywacke is as that used for the Acheron greywacke, 
2700 kgm3 Density values for the argillite from Fall ing Mountain were measured in the 
laboratory and compared to values provided by Prof. Tim Davies (personal communication, 2003). 
135 
!!l 
.;;; 
0 
Q.
... 
-0 
... 
..c 
u 
c 
CO 
C;; 
> 
co 
.,< 
u 
e 
co 
;> 
-0 
: ~ 
-0 
S 
.... 
,~ 
!!l 
~ 
... 
~ 
r-­
....
... 
'ii 
OJ 
..c 
U 
895 , 
890 ·, 
885 · 
-E 
a; 
~ 
880 ­
> ~ 
C1I 
CI) 

II) 

CI) 875 ­
> 
0 
.Q 
C1I 
CI) 
't:I 
::l 870 
''::­
« 
865 J 
I 
860 ~ 

: Argi ll ite 
855 
895 
890 
885 
E 
~ 
a; 880 , 
> ~ 
875j
C1I 
1 
CI) 
~ 870 1 'C 
n 
« 
~ 
865 
860 Greywacke 
• Arg illite 
855 +I----~------~-
2 2 3 3 -6 -5 -4 -3 -2 -1 o 
Sorting (Log, Meth. Mom.) Median grain size (Phi) 
Figure 7. 17 (left) . Sorting of samples against height in Section fo r Exposure I. Figure 7. 18 Median grain size aga inst height in Section for Exposure I . 
E 
c: 
o 
U 
Cl.l 
rfl 
c: 
.c 
Ol 
'Q3 
I 
-L 
.~ 
, .. ' 
:. ~3--z:..-­I I . . .. , 
I 
0-1 -2-) -4 - 5 
Median Groin Size (Pki) 
1 ) 
-~ 
11 
K<y 
D Gr'CY"Woc kC 
_Argillite 
E 
c 
o 
u 
Cl.l 
en 
c: 
.c 
0) 
'Q3 
I 
:' ­ ' .~ 
, , , , ­
: .' • 7lllllb..a_
. . . , ~. 
l~~ 
«y. 
D Gr"CyVlacke 
_.Argillite 
Figure 7.19 Sedimentological log of Exposure 1, Falling Mountain preserved banding fac ies showing median grain size of units and the GSD of each (for 
shape only, for scale see Appendix ?, Section on the right is lower half with the bottom unit considered near basal, left is the upper half with sample 15 (Fm02­
15 taken from the base of the surface 'layer' or 'carapace', 
r--­
r') 
'" 
'R 
"0 '" 
.c'" 
u 
c 
ol 
~ 
>­
.,;,'" 
e 
u 
~ 
:l 
.
"0;; 
'<3 
.!:: 
.2 
~ 
'" 
5l 
Q)
c:: 
r­
~ 
0­
ol 
.c 
U 
Chapter 7 - Results for individual rock-avalanche deposits 
A value of 1890 kgm3 was deemed representative and used for the analyses_ Initial testing on 
Fm02-0 1 showed a fractal distribution. The fractal dimension method was then been applied to all 
samples taken at Falling Mountain using the ESM, the results of which are shown in Figure 7.20. 
The values for the calculated fractal dimension, d, and the Rl value for the line of best fit are also 
presented in Figure 7.20 (b). Note that the near surface sample (Fm02-15) has the lowest R2 value 
at Exposure 1 showing that it is beginning to deviate from a fractal distribution. This variation is at 
the fine end of the scale, there are more clasts between 0.36 mm and 0.18 mm than expected from 
the fractal distribution plot line of best fit. This same pattern is observed with the Exposure 2 
greywacke sample (Fm02-2.!) at the same size range, the distribution begins to vary from the line 
of best fit. The R2 for both still remains high even with this variation, 0.99 to 2 d.p., not low 
enough to justify recalculating the fractal dimensions without the 0.36 0.18 nun values to 
deternline the fractal dimension over the range of sizes showing a 'better' fit to a fractal 
distribution. 
7.4.3 Statistical analyses 
7.4.3.1 Tests for normality 
The Chapiro-Wilk test for nOrnlality has been applied to the Falling Mountain rock avalanche 
descriptive statistics and fractal dimension results. As with the previous deposit the Falling 
Mountain data are not nonnally distributed and so non-parametric tests are required that make no 
assumptions about the data distribution. 
7.4.4 Tests for significant correlation - argillite and greywacke 
The tollowing tests are carried out independently of lithological band type treating the data set as a 
whole. As band type has been shown to be an important factor (Figure 7.19) tests will also be 
carried out on lithological band types individually to asses if the same relationships are valid for 
each preserved lithological band type. The matrix plot produced by SPSS that shows all possible 
relationships is sho'WTI in Appendix H. 
138 
Chapter 7 - Results for individual rock-avalanche deposits 
1 E +11 
1 E+10 
1E+09 
• fm0201 
• fm0202 
1E+08 
CIl 
"[1E+07 t--1 ; 
() 1 E+06 
Qj 100000 
-0 I§ 10000 I 
z 
1000 A--------~ 
100 I I 
10 TI------­1 l--=~~~~~~~=-~~
fm0203 
• fm0204 
" fm0205 
• fm0206 
- fm0207 
- fm0208 
- fm0209 
• fm0210 
fm0211 
I> fm0212 
x fm0213 
• fm0214 11 
• fm0215 
+ fm02-2.1 
• fm02-2.2 ~~ 

1 10 
Mean grain size in sieve range (mm) 
Figure 7.20 (a) Plot used to calculate fractal dimension for Falling Mountain data, (b) table 
showing the corresponding fractal dimension values and R2 values based on the gradient of the line 
of best fit shown in (a). 
Saml!le number Fractal dimension {d} R2 
Fm02-01 2.64 0.997 
Fm02-01 2.70 0_999 
Fm02-03 2.70 0.998 
Fm02-04 2.41 0.997 
Fm02-0S 2.70 0.996 
Fm02-06 2.S4 0.998 
Fm02-07 2.S0 0.993 
Fm02-08 2.S3 0.996 
Fm02-09 2.6S 0.997 
Fm02-10 2.30 0.993 
Fm02-11 2.70 0.998 
Fm02-12 2.30 0.993 
Fm02-13 2.47 0.996 
Fm02-14 2.S4 0.993 
Fm02-1S 2.34 0.987 
Fm02-2.1 2.S3 0.986 
Fm02-2.2 2.36 0.996 
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The fractal dimensions calculated can now be tested against the GSD descriptive statistics and 
other measured variables using statistical methods. 
Weak relationships between variables such as sorting and altitude (and so relative height in 
section) were noted on graphical plots in Section 7.4.1; here they can be more rigorously 
statistically tested along with other possible correlations. The results calculated using the 
Spearman's Rho method are shown in Table 7.2, the tests have been carried out on samples Fm02­
01 - Fm02-15 (Exposure I). Use of Exposure 2 in the data set adds many untested factors that 
distort relationships on the exposure scale. Exposure 2 cannot be treated as a distinct data set for 
statistical testing of the variation between sample localities due the low number of sample points . 
Exposure 2 also shows preserved lithological bands as a series of vertical units rather than sub-
horizontal units. For the purposes of this research it is enough to state that the proximal Exposure 2 
is coarser and shows a varied form of preserved stratigraphy than Exposure I located further down 
flow. 
The sorting of the samples and height in Section (altitude) are significantly correlated, although at 
a lower level of significance (0. 5). This is in agreement with the graphical plots in Section 7.4. I. 
The relationship shows that the rock avalanche exposure becomes significantly better sorted 
towards the surface . 
Table 7.2 Correlations at Falling Mountain rock-avalanche deposit using Spearman 's Rho test, N = 
IS. Results significant at the .0 I level are highlighted in red and starred twice, those at the .05 
level are starred once. 
Mean Median Sorting Gravel Fractal Altitude Band 
(Phi) (Phi} (Phi) (%} {d} (m} (m} 
Mean (Phi) X .950** -.068 -.825** .636* -.064 -.669** 
Median (Phi) .950** X -.029 -.775** .550* -. 121 -.656** 
Sorting (Phi) -.068 -.029 X -.357 .525* -.614* .210 
Gravel % -.825** -.775** -.357 X -.929** .339 .363 
Fractal (d) .636* .550* .525 · -.929** X -.407 -.047 
Altitude (m) -.064 -.121 -.614* .339 -.407 X -.029 
Band (m) -.669** -. 656** .210 .363 -.047 -.029 X 
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Sorting also shows a significant correlation with the calculated fractal dimension. As sorting 
becomes poorer, the fractal dimension increases. 
The sigillficant relationship between the mean and median grain size of samples is not a I: 1 
relationship. The median grain size is larger than the mean grain size confirming the GSD's are 
skewed towards the fine end of the scale. As both median and mean grain size are significantly 
correlated to weight percent gravel, weight percent gravel can again be used as an indicator of the 
average grain size at Falling Mountain. Further comment on the relationship between mean and 
median grain size for samples is made in Appendix H. 
The mean grain size, median grain size and weight percent gravel for each sample are significantly 
correlated to the fractal dimension calculated for the samples in Section 7A.2. The nature of this 
relationship is that as the average grain size increases (mean, median or gravel) , the fractal 
dimension decreases. Each of these three relationships can be observed on the matrix plot 
produced in the SPSS statistical package (Appendix H) . 
It is interesting to look at a null result; there is no correlation between heights in interior section 
(and so relative heights above base) and any measure of average grain size. This reinforces the 
result graphically given in Section 7 A.1 that there is no grading present within the exposure 
sampled, be it inverse or nonnal. It may have been expected to find such a relationship as the 
altitude is related to sorting, which in turn is related to the fractal dimension, which is then related 
to all measures of average grain size. 
The three measures of average grain size do, however, have a significant correlation to band 
thickness. The relationship is that as grain size increases so does the band thickness the sample 
was taken from. This is not as significant as it seems, the two lithologies have already shown clear 
differences in grain size (greywacke bands are coarser) and in the source region greywacke bands 
are usually thicker than argillite bands. The relationship appears because of the differing grain size 
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of the two band types and the consistently thicker greywacke band types in the rock-avalanche 
deposit and source rock. 
7.4.5 Tests for significant correlation - argillite 
Lithological band type has proved one of the controlling factors on final GSD of a sample. It is 
therefore necessary to apply the statistical tests to these lithological band types. The matrix plot 
used before Spearmans Rho tests were carried out is shown in Appendix H. This highlights any 
correlations particular to a band type and those obscured by applying tests to the whole data set 
irrespective of preserved lithological band type. Table 7.3 shows the results of this testing. 
The statistical test results for argillite samples alone are similar to those for all samples but with 
two fewer correlations and others that need further explanation. 
For argillite the relationship previously observed for both band types between the sorting of 
samples and the fractal dimension and also the sorting of samples and height in section are not 
significant. The sorting of argillite samples at Falling Mountain is independent of the measured 
and calculated variables. 
The correlation of median and mean grain size is again significant. Previously it was noted that 
greywacke samples were more variable and the R 2 values were low. For just argillite samples the 
relationship shows that the distribution cannot become normal with the size range measured, the 
Table 7.3 Correlations at argillite bands from the Falling Mountain rock-avalanche deposit using 
Spearman 's Rho test, N = 8. Results significant at the .0 I level are highlighted in red and starred 
twice, those at the .05 level are starred once. 
Mean Median Sorting Gravel Fractal Altitude Band 
(Phi) (Phi) (Phi) (%) (d) (m) (m) 
Mean (Phi) X 1.000** 0.595 -.976** .952** -.643 -.503 
Median (Phi) 1.000** X .595 -.976** .952** -.643 -.503 
Sorting (Phi) .595 .595 X -.548 .476 -.525 -.671 
Gravel % -_976** -.976*'" -.548 X -.976** .548 .359 
Fractal (d) .952** .957** .476 -.976** X -.619 -.275 
Altitude (m) -.643 -.643 -.524 .548 -.619 X .575 
Band (m) -.503 -.503 -.671 .359 -.275 .575 X 
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mean and median grain sizes can only reach the same value at > 100 % gravel by weight. 
7.4.6 Tests for significant correlation - greywacke 
The tests applied to both band types and to argillite bands individually have been carried out upon 
the greywacke band results (Table 7.4), the SPSS matrix plot can be found in Appendix H. The 
number of correlations is far less than calculated for both band types together and for the argillite 
bands individually. 
The only significant correlation found for greywacke band samples is for weight percent gravel 
and the calculated fractal dimension. This relationship is the same as for argillite, as the weight 
percent gravel increases the fractal dimension decreases . 
The lack of sign.ificant relationships for the greywacke band samples suggest that the bands are 
more variable than argillite. The bulk of the significant correlations for the exposure as a whole are 
generated by the argillite bands. The results also suggest that the fractal dimension is generated by 
the process of rock avalanche flow as it is significant for greywacke samples and is independent 
from the variability of the samples. It is likely that the variability in the other variables is related to 
the original source rock variability of the sandstones whilst the fractal dimension is 'generated' by 
the break up of the material. 
Table 7.4 Correlations at greywacke bands from the Falling Mountain rock-avalanche deposit 
using Spearman's Rho test, N = 7. Results significant at the .01 level are highlighted in red and 
starred twice. 
Mean Median Sorting Gravel Fractal Altitude Band 
(Phi) (Phi) (Phi) (%) (d) (m) (m) 
Mean (Phi) X .679 -.286 -.32 1 .214 .179 -.491 
Median (Phi) .679 X . 143 -.2 14 .143 -.214 -. 182 
Sorting (Phi) -.286 .143 X -.679 .714 -.679 .564 
Gravel % -. 321 -.214 -.679 X -.964** .536 -.291 
Fractal (d) .214 . 143 .7 14 -.964** X -.464 .491 
Altitude (m) .179 -.2 14 -.679 .536 -.464 X -.418 
Band (m) -.491 -.182 .564 -.29 1 .491 -.418 X 
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7.4.7 Tests for significant differences - argillite and greywacke 
Non-parametric Mann-Whitney tests have been carned out on the Falling Mountain rock-
avalanche deposit data to test for significant differences between variables. Lithological band type 
has been deterrrilned as a major difference between the GSD data and it makes sense to test for 
significant differences between the two band types. For these tests the surface argillite layer 
(containing Fm02-IS) has not been included as it has been described as a special case and coarser 
than all samples due to its location in the coarse, thin surface carapace. A summary of the results is 
shown in Table 7.5. The two band types are significantly different to each other in terms of mean 
and median grain size, weight percent gravel is narrowly an insignificant result. 
Table 7.5 Table summarising the results of Mann-Whitney U tests with the grouping variable 
being band type, greywacke or argillite. Significant results at .0 I are highlighted in red and starred 
twice, those at .05 are marked in red and starred once. 
Mean (Phi) Median (Phi) Sort (Phi) Gravel (%) Fractal (d) Band (m) 
.009** .004** .180 .064 .406 .029* 
This confirms all previous results that state the GSD ' s of the two band types are different. Band 
thickness is significantly different between band types confirming the observation that greywacke 
bands are thicker than argillite bands within the deposit. 
The non-significant results are expected based on the correlations found, for example the sorting 
has been noted as unrelated to any variables other than height in section. The results show that the 
fractal dimension of samples is not significantly different based on lithological band type, it may 
have been expected to find a significant difference as the fractal dimension is correlated to both the 
mean and median grain size of samples. 
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7.5 Falling Mountain rock avalanche - Result summary 
The Falling Mountain rock-avalanche deposit: 
• Is very poorly sorted 
• Shows finely skewed GSD's 
• Consists of coarse greywacke bands and finer argillite bands 
• Show significantly different GSD's for each lithology 
• Becomes better sorted towards the surface 
• Shows normal grading within the thickest bands 
• Has only a thin , very coarse surface layer rather than crude inverse grading 
• Shows a fractal distribution for each sample independent of lithology 
• Shows increasing fractal dimension with decreasing grain size 
• Shows poorer sorting with increasing fractal dimension 
• [s coarser on the swash slopes opposite the source, than lower down valley 
• Shows differing forms of preserved stratigraphy opposite source than down valley 
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Figure 7.21 Flowchart summarising the correlations between all samples at the Falling Mountain 
rock-avalanche deposit, red is a positive relationship, green dashed is a negative relationhip. 
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Figure 7.22 Flowchart summarising the correlations for argillite bands within the Falling Mountain 
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Mountain rock-avalanche deposit. 
146 
Chapter 7 - Results for individual rock-avalanche deposits 
7.6 The Poerua rock-avalanche deposit - Results 
7.6.1 Grain size distributions (GSD) 
The raw sieve data for the three Poerua rock-avalanche deposit samples are presented in Appendix 
A. All three GSD profiles (Figure 7.24 and Figure 7.25) are finely skewed and show an excess of 
fines below2 Phi (0.25 mm). The three GSD's are similar in shape on both Figure 7.24 and Figure 
7.25 below 3 Phi (8 mm), showing almost equal weight percent amounts, just a small decrease in 
each size fraction until a sharp rise at 2 Pgi and subsequent fall again to the same steady state 
decreasing value at the minimum measure size, 4 Phi. The main variation between the three 
samples can be seen at the coarse end of the scale, above -3 Phi. P I carries on the fairly steady 
profile until a sharp rise to the maximum size measured, -6 Phi. 
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Figure 7.24 GSD plots for Poerua and Round Top samples as smoothed weight %. 
147 
Chapter 7 - Results for individual rock-avalanche deposits 
100% " 
90% 
80% 
70% 
'- 60% 
ell 
c 

u.. 

?f!. 500/0
E 
Cl 
'OJ 
~ 40% 
30% ., 
20% -, 
10% - 1
0% 
-8 -7 -6 -5 -4 -3 -2 -1 0 2 
Grain Size (Phi) 
Figure 7.25 GSD plots in weight % finer foml for Poerua and Round Top deposits . 
50 1 l45 1EXTREM ELY POORLY SORTED 4.0 ~------
... 
I-- P1 
-­ P2I___ 
P3l-» ­Round Top 
;. 
3 4 
3.51 
~ 3.0 ' 
~ 2.5 ~ 
t 
~ 20 
VERY 
POORLY 
SORTED 
POORLY 
1.5 1 SORTED 
x 
• P1 
1.0 1 I. P2 
• P3 
0.5 L 
x Round Top 
0.0 
-7 .0 -6.0 -5.0 -40 -30 -20 -1 .0 0.0 
Median grain size (Phi) 
Figure 7.26 Median grain size against sorting for Poerua and Round Top samples. 
148 
Chapter 7 - Results for individual rock-avalanche deposits 
which is the peak value. P2 also rises to a peak value at the maximum end of the scale but does so 
after a GSD low at -4 Phi of just 2.5 % by weight. P3 in contrast peaks at J6 rom before falling in 
tenns of weight percent to a low point at -5 Phi with no clasts at all in the -6 Phi nun size class. 
A plot of median grain size against sorting (Figure 7. 26) shows that all three samples are very 
poorly sorted with P I and P2 showing similar results and P3 marginally better sorted. The plot 
shows P3 is finer than P J and P2. This reflects the GSD observed and described for P3 , lacking 
the coarse peak and clasts at 64 mm. 
7.6.2 Fractal dimension analyses 
For the analyses of the Poerua data a density value for the schist clasts was required. This density 
varies in the schist dependent upon the orig inal rock metamorphosed, greywacke or argillite. As 
stated , this density va lue does not affect any of the fractal dimension results calculated and 
consequently an identical density va lue was used for schistose sampl es . The value chosen, 2830 
kgmJ , is based upon laboratory measurements and data provided by Prof. Tim Davies (personal 
communication, 2003). 
Appl ying the method outlined in Section 3.6 the Poerua data was found to be fractal (Figure 7.27). 
The fractal dimens ions are shown in Table 7.6 along with the R2 va lues for the lines of best fit. 
The fractal dimensions are rounded of to two decimal places but the full result is used in any plots 
and statistic s (usuall y a result to 4 d.p. was obtained). [n the description of the Poerua rock-
ava lanche deposi t it was noted that the deposit contains older colluvium. The high R 2 results 
Tab le 7.1 Table showing the calculated fractal dimension (d) for the Poerua and Round Top rock 
avalanche samples, also showing the confidence (Rl) level of the line of best fit d was derived 
from. 
R2Samele number Fracta l dimension @ 
PI 2.91 0.998 
P2 3.04 0 .993 
P3 2.90 0.997 
RT 2.77 0.996 
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Figure 7.27 Plot used to calculate fractal dimension for Poerua and Round Top samples . 
,. 
obtained for the fractal dimension analyses suggest that the colluvium had no affect on the GSD 
collected and calculated. 
7.6.3 Statistical analyses 
Due to the limited number of samples that could be safely sampled at the Poerua rock-avalanche 
deposit the use of sta" slics is limited. Tests should not allow signifIcant correlations or differences 
to be ca\c,;lated based upon an n number as low as three. The Poerua results are a data set to be 
used as a comparison against other deposits. They are also novel values in themselves for a 
schistose rock-avalanche. 
7.7 The Poerua rock avalanche - Result summary 
The Poerua rock-avalanche deposit: 
• 1s very poorly sorted 
• Shows finely skewed GSD 's 
• Shows GSD variation between samples 
• Shows a fractal distribution 
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7.8 The Round Top rock-avalanche deposit - Results 
7.8.1 Grain size distributions (GSD) 
The raw sieve data for the Round Top rock-avalanche deposit sample are contained witnin 
Appendix A. The GSD is shown as a smoothed plot in Figure 7.24 (marked RT) and the GSD as 
weight percent finer is shown on Figure 7.25 . The GSD is smooth, unimodal and finely skewed 
with a maximum at the -3 Phi grain size . The GSD tails off steadily towards the fines ; this is 
shown as the smootll profile (classic S curve) on the cumulative weight percent finer plot (Figure 
7.25). 
7.8.2 Fractal dimension analysis 
For the ca lculation of the fractal dimension of the sc histose Round Top rock-avalanche deposit a 
density value of 2830 kgm3 is used. The Round Top sample shows a fractal distribution after 
applying the method outlined in Section 3.6. The fractal dimension, d, calculated is 2. 77 with an 
R2 value of 0.996 using the plot shown in Figure 7.27. 
7.8.3 Statistical analyses 
The Round Top data can only be used as a comparison to other rock-avalanche deposit data due to 
the single ·;ample. The data collected and calculated does , however, yield useful information about 
the Round Top rock-avalanche deposit previously unknown . 
7.9 The Round Top rock avalanche - Result summary 
The Round Top rock-avalanche deposit: 
• Is very poorly sorted 
• Shows a unimodal, finely skewed, GSD 
• Shows a fractal distribution 
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7.10 The Flims rock-avalanche deposit 
7.10.1 Grain size distributions (GSD) 
The raw sieve data for the fifty samples taken at the Flims rock-avalanche deposit are given in 
Appendix A along with GSD histograms. As the data were collected using the ESM (Section 
3.3.3) a correction step is required to convert wet field sieved coarse data to the equivalent 
laboratory conditions that the fines (below 8 mm) were sieved at (Figure 7.28). The plot shows 
that the equation is valid for all sites sampled and the high R 2 value of 0.996 indicates that the 
correction of the field data is accurate and will not create distortion in the GSD at the point where 
corrected field data join laboratory sieved data at 8 mm.. 
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Figure 7.28 Wet weights against oven dry weights for collected fines and coarse individual clasts 
from the Flims rock-avalanche deposit. 
Histograms in tenns of weight percent in each size class for each sample have been calculated and 
are shown in Appendix A. A plot of the GSD data is shown in Figure 7.29 as smoothed weight 
percent. The data broadly splits into two distinct GSD shapes, a coarse and a fine distribution. The 
coarse GSD peaks at the maximum clast s ize samples; the fine GSD peaks before this (usually 
between 10 mm and 3 1.5 nun) before falling off at the maximum clast sizes. Three sites in 
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particular are associated with the coarse profile, Ve, V, and CP, though Ve and V both also show 
samples with the fine shaped GSD profile. 
The description of the Flims rock-avalanche deposit (Section 4.7.2) describes preserved 
lithological bands as dark bands and light bands of limestone (within most facies). Observations 
suggest that light bands are coarser than dark bands. The smoothed GSD plots are therefore broken 
down by lithological band type of samples rather than sample locality. The plots for each sample 
site GSD broken down by lithological band type are shown in Figure 7.29. This shows dark bands 
have a finer GSD than light bands. This segregation of data based upon preserved lithological band 
type is clearest in the size range below -2 Phi, at this point all dark band sample GSD's lie above 
the light band GSD's in terms of weight percent. At the 4 mm size dark band samples usually have 
> 10 % by weight whilst light band samples have < 10 %. When also including sample sites that 
showed no preserved banding (slrucllireless faci es or unstratified) it is seen that they show 
intennediate GSD profiles (Figure 7.29 a). 
Struclllreless faci es (unstratified) samples are coarser than dark band samples but finer than light 
band samples. A difference between the three band types (unstratified is classed as a distinct band 
type rather than a . mix ' or other such process for the purposes of comparison) is the modal pattern. 
Dark band samples are bimodal or polymodal, light band samples are unimodal or bimodal, and 
the unstratified samples are usualJy unimodal (Figure 7 .29). 
This pattern of data segregation based upon lithological band type can also be shown using weight 
percent finer plots (Figure 7.30) On a site by site basis (Figure 7.30 a).) CP and IL are the coarsest 
and V is the finest , a contrast to the site by site relationship noted on Figure 7.29. Site by site 
variations are not as an effective way of splitting the data as band type, once again light bands are 
the coarsest, dark bands the finest and unstratified regions are intermediate (Figure 7.30 b and c). 
The GSD profiles are smooth without major deviations at class sizes from a classic S curve 
cumulati ve plot. 
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In the previous deposit result sections the GSD section included graphical results that were then 
later backed with statistical analyses. The Flirns rock avalanche data can generate many such plots 
due to the number of samples, the preserved lithological band types or facies, and the number of 
measured and calculated variables. Because of this it is more appropriate to confine the graphical 
plots to the statistical analyses section. The matrix plots generated in SPSS show all possible 
graphical plots for the deposit as a whole, and for each band type in a far more concise manner. 
Wl1ere more detail is required a full figure plot will be generated as the matrix plots show no scale 
(illegible once added), only the 'pattern ', allowing rapid identification of relationships or useful 
non-relationships. I3e fore the statis tical analyses can take place fractal dimension analyses must be 
carried out to add to the statistical testing - if the GSD's prove fractal. 
7.10.1 Fractal dimension analyses 
The fractal dimension calculation method described in Section 3.6 has been applied to the Flims 
GSD data . For the density values requ ired in the calculation measurements were made in the 
laboratory on samples of varied sizes from the three band types, dark, light, and unstratified 
regions. The values calculated for dark band samples varied from 2300 kgm' to 2470 kgm3, for 
light bands 2390 kgrn3 to 2530 kgm3 and for unstratified 2377 kgm3 to 2667 kgm3 As samples 
varied and it was not possible to calculate dens ity values for each individual sample, an average of 
2500 kgm3 was used for the fractal dimension analyses. As stated in the methods (Section 3.6) this 
has no effect on the fractal dimension calculated. 
Initial use of the fractal method on the data shows that the FIims rock avalanche GSD data set are 
fracta l. Closer examination of the R2 values (Table 7.7) and the relevant plots showed that twenty 
three of the samples are beginning to deviate from the fractal distribution over the measured size 
range, almost always at the coarse end of the distribution. The fractal dimension initially 
ca lculated is shown in (Table 7.7) for each sample along with the values recalculated over the 
fractal portion of the distribution for those samples that required it. The change to the fractal 
dimension result is also included in the table. It can be seen that the recalculation decreases the 
fractal dimension where there is deviation at the fine end and increases it where the distribution 
devi ates at the coarse end o f the scale. (Table 7.7) . An example fractal calculation plot is shown 
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Figure 7.31 Fractal dimension calculation plot of sample IU showing the mismatch of a line of 
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Figure 7.32 Recalculation of the fractal dimension after omission of points at the coarse end of the 
scale that were deviating from the fractal distribution. The fractal dimension is correspondingly 
higher. 
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Table 7.7 Fractal dimension, confidence level and recalculated values where necessary for the 
Flims rock-avalanche deposit. 
Sample 
number 
Fractal 
dimension (d) R2 
Recalculated 
fractal dimension (d) 
Change 
+/­ Recalculated R2 
CP l 2.11 0.991 
CP2 1.95 0.965 
Fl 2.35 0.994 
F2 2.32 0.998 
F3 2.25 0.994 
F4 2.10 0.996 
III 2.02 0.993 2.26 0.24 0.997 
IL2 2.47 0.996 
IL3 1.92 0.984 2.18 0.26 0.997 
IL4 1.84 0.989 2.17 0.33 0.996 
ILS 2.26 0.997 2.33 0.07 0.998 
STi 2.40 0.997 
ST2 2.15 0.996 
ST3 2.44 0.998 
ST4 2.16 0.998 
VB I 2.44 0.998 2.13 -0.31 0.999 
VB2 2.55 0.983 2.38 -0.17 0.996 
VB3 2.32 0 .978 2.34 0.02 0.998 
VB4 2.39 0.983 2.33 -0.06 0.996 
VBS 2.45 0.976 2.35 -0.1 0.995 
VB6 2.31 0.974 2.21 -0.1 0.997 
VI 2.54 0.988 2.33 -0.21 0.993 
V2 2.29 0.998 
V3 2.46 0 .994 
V4 2.49 0.995 
V5 2.26 0.993 2.19 -0.07 0.999 
V6 2.57 0.989 2.42 -0.15 0.998 
V7 2.66 0.983 2.48 -0 .18 0.996 
V8 2.52 0.998 
V9 2.57 0.976 2.01 -0.56 0.998 
VIO 2.52 0.994 
VII 2.69 0.987 2.52 -0.17 0.993 
VI2 2.31 0.997 
VI3 2.55 0.985 2 .35 -0.2 0.995 
V14 2.32 0.995 
V15 2.52 0.992 
V I6 2.64 0.995 
Vel 2.47 0.990 2.20 -0.27 0.994 
Ve2 2.23 0.997 2.28 0.05 0.998 
Ve3 2.37 0.986 2.42 0.05 0.998 
Ve4 2.20 0.986 2.16 -0.04 I 
Ve5 2.30 0.992 2.20 -0.1 0.996 
Ve6 2.33 0.997 
Ve7 2.36 0 .999 
Ve8 2.46 0.995 
Ve9 2.41 0.994 
VelO 2.54 0.997 
Vei l 2.36 0.997 
Vel 2 2.32 0.995 
Vel3 2.28 0.997 
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in Figrne 7.31 in which the coarse end of the plot artificially reduces the fractal dimension 
calculated to 1.92. Omission of the erroneous points leads to a line of best fit with an increased 
confidence level and a recalculated fractal dimension value ~ 2.18 (Figure 7.32). It is unclear at 
present what leads to this break in the fractal distribution, be it a fundamental underlying 
mechanical process or sampling artefact. , 
With the fractal dimension analyses complete it is possible to statistically test the results along 
with the GSD descriptive statistics for significant correlations and differences. 
7.10.2 Statistical analyses 
In this first set of statistical tests the data set is treated without the lithological / facies variations . 
This will test for overall deposit changes and relationships between the measured and calculated 
variables. Variations and deviations due to the lithological band type will be stated but the tests 
will be made on individual band types in Sections 7.10.4, 6.10.5 and 7.10.6 to show how 
significantly each band type holds to a deposit level relationship. As the structureless f acies / band 
type is unusual (see description in Section 4.7.2.1.4) it is also useful to run tests just comparing the 
light and dark bands of the preserved banding faci es rather than including zones of essentially 
non-preserved structure / banding / feames. 
Tests can also be run on site locality Valendas (V) as a stand-alone data set as it is a horizontally 
banded exposure (Appendix D) that has been sampled at various heights in each band cropping 
out, similar to the sampling at Falling Mountain . This will test for exposure scale variations rather 
than site comparisons, important as results at single exposures (such as Falling Mow1tain, Section 
7.4.3) show many significant exposure level variations. This will follow in Section 7.11. 
7.10.2.1 Test for normality 
A Chapiro-W ilk test for normality has been carried out on the Flims data set variables. It is 
deemed more appropriate to use this test on the fifty samples rather than those designed for 
populations larger than fifty - usually far larger whereas the Chapiro-Wilk test is for small data 
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sets up to and including fifty. The result of the test is that the data set is not nonnally distributed 
and as at other deposits non-parametric tests need to be employed. 
7.10.3 Tests for significant correlation - aU band types 
In this first set of statistical tests the data set is treated without the lithological /fac ies variations to 
test for overall deposit changes and relationships between measured and calculated variables. 
For the Flims deposit the original matrix plot generated by SPSS is the most appropriate way to 
show correlations. As it is not possible to show scales on these plots individual graphs will be 
shown where necessary to illustrate a result. 
The matrix plot for all of the data is shown in Figure 7.33 and will be used as a continuous 
reference. The plot is broken down by band type but the lines of best fit are based on all data 
points. On plots such as mean or median grain size it is useful to remember that the Phi scale has 
been used, a negative number relates to a coarser clast (for example - 6 Phi is 64 mm) therefore 
low values (i.e. left or bottom) on such plots relate to coarse clasts. This also affects the statistical 
results, a negative type correlation will be returned when grain size is becoming coarser due to the 
negative Phi scale used. The results for the Spearman's Rho tests carried out on the data are shown 
in Table 7.8. 
Table 7.8. Correlations for the Flirns rock-avalanche deposit, all band types, using Speannan's 
Rho test, N = 50. Results significant at the .01 level are highlighted in red and starred twice, those 
at the .05 level are starred once. 
Mean Median Sorting Gravel Fractal Altitude Distance 
(Phi) (Phi) (Phi) (%) (d) (m) (m) 
Mean (Phi) X .984** .623** -.957** 04 17** -.099 .397** 
Median (Phi) .984** X .547** -.915** .346* -.066 .389** 
Sorting (Phi) .623** .547** X -.764** .732** -.2 14 .305* 
Gravel (%) -.957** -.915** -.764** X -.582*· .173 -.425** 
Fractal (d) .417** .346* .732** -. 582** X -.149 .301* 
Altitude (m) -0.99 -.066 -.214 .173 -.149 X -.220 
Distance (m) 397** 389** .305'" -.425** .301* -.220 X 
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Figure 7.33 Matrix plot generated by SPSS for all Flims data. Lines of best fit are for all data 
points although the data is marked by band type. 
A warning note on the distance and altitude relationships is required. Graphs with distance from 
source as an axis (Figure 7.33) show that the lines of best fit do not match the data well. If it were 
not for a few results at low distance the plots would show distance as having no effect with the 
other variable having large spread along the axis. There is also the danger that the line of best fit is 
actually connecting two clusters of data as the central portion of the plots are not populated due to 
the l;mitations of natural section sampling. Altitude has been used at Falling Mountain as height in 
the single section as equivalent height above base. This is not possible at Flims other than for 
Valendas site locality (Section 7.11) which is a single vertical section. Although the sample sites 
are at relatively different heights it is impossible to know their relative positions within the rock-
avalanche deposit, i.e. near basal or near surface. This is because the deposit lies on a valley slope 
of unknown morphology and the base of the deposit is not exposed, therefore the thiclmess of the 
deposit at any point is poorly constrained and so the relative position of sample sites is unknown. 
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Figure 7.34 Median and mean grain size variation against weigh percent gravel. Lines of best fit 
are based on all data points regardless of band. 
It is possible that the lowest sample site by altitude above sea level could actually be the nearest 
the surface of the deposit and vice versa. 
The mean and median grain size correlation is significant and not 1: 1, median grain size is coarser 
than mean grain size for the deposit. This backs the GSD results that show finely skewed weight 
percent histograms. Both median and mean grain size are significantly correlated to weight percent 
gravel, il can therefore be used an indicator of average grain size or coarseness of samples at the 
Flims rock-avalanche deposit. Further details of this relationship in previous sections have been 
placed in an appendix, at Flims, however, the graphical plot is more useful (Figure 7.34). The plot 
shows the point at which mean and median grain size become the same and so at what point the 
GSD would become normally distributed. For all samples at the deposit the point at which this 
happens is 5.8 Phi, equivalent to 2 % gravel by weight, far finer than any sample taken. 
Observations suggest that the GSD never becomes this fine at Flims and that the GSD will always 
be finely skewed. There is considerable scatter on the plot, particularly within the unstratified 
samples. Light and dark band samples hold to the lines of best fit well and appear consistent wi th 
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each other although at different ends of the grain size scale. Light band samples show coarse 
results, dark bands fine grain sizes and unstratified samples are intermediate although more similar 
to light band samples. This is further support that unstratified regions are unusual and are not 
distinct 'bands ' and should be treated separately than the preserved bandingfacies. 
A median grain size against sorting plot (Figure 7.35) shows the significant relationship between 
the two for the whole deposit. The plot is broken down by band type and it can be seen this is a 
fundamental control on the plot, a plot broken down by sample site shows no such clustering of 
data. All of the data regardless of band type fits the line of best fit well; the statistical, individual, 
contribution of each band type will be treated separately later. For the whole deposit it can be said 
that as median grain size decreases the sorting value increases. The deposit becomes more poorly 
sorted as it gets finer, the same significant relationship holds for weight percent gravel and mean 
grain size. On Figure 7.35 the data can also be split into zones on the median grain size scale from 
- 6 Phi to - 3.25 Phi for light band data, from -3.5 Phi to -0.5 Phi for dark band data and the 
unstratified data again showing an intermediate range from -5 Phi to -2.5 Phi - slightly towards the 
light band coarser end of the scale than truly intermediate. This result raises the possibility that the 
unstratified regions are a 'mix' of the presenJed banding facies light and dark bands. Each of these 
zones is roughly a magnitude of three size classes on the Phi scale. On the sorting of the samples, 
dark bands are slightly more poorly sorted than unstratified band samples, which in tum are 
slightly more poorly sorted than light band samples (Figure 7.35) - this will be statistically tested 
for significant differences. 
All three measures of average grain size are significantly related to the fractal dimension, for all 
three as the grain size decreases the fractal dimension increases (Figure 7.33). As it has been 
previously described in this section each band type occupies different ranges on the grain size 
scale. This results in the dark band samples (fine) showing high fractal dimensions, light band 
samples (coarse) showing low fractal dimensions and unstratified samples intermediate fractal 
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Figure 7.35 Median grain size against sorting for Flirns rock avalanche data. 
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Figure 7.36 Fractal dimension against sorting plot for all Flims data. 
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dimensions but again more similar to light band results (Figure 7.33). The matrix plot (Figure 
7.33) does not show values and so a plot of mean grain size against fractal dimension has been 
created (Figure 7.37) to show the range of fractal dimensions. Light band samples span a range 1.9 
- 2.5, average 2.35, dark bands range 2.0 I - 2.64, average 2.43, and unstratified bands range 2.11 
- 2.44, average 2.28. The average results actually show that the unstratified samples are not 
intemlediate as they appear graphically but on average show the lowest fractal dimension results, 
due to the spread of light band data. The significance of these band type differences will be tested 
further. 
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Figure 7.37 Fractal dimension against mean grain size for the Flims rock-avalanche deposit. 
7.10.4 Tests [or significant correlations - dark bands 
In this section the relationships of data taken from dark bands will be analysed. This will show if 
dark band data holds the same relationships as aJI of the deposit data, important as the whole 
deposit data are readily segregated by band type. It is possible that relationships significant for all 
band types as a whole will not be significant for individual band types. The matrix plot for 
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Table 7.8 Correlations for the Flims rock-avalanche deposit, dark band samples, using Spearman's 
Rho test, N = 16. Results significant at the .01 level are highlighted in red and starred twice, those 
at the .05 level are starred once. 
Mean Median Sorting Gravel Fr actal Altitude Distance 
(Phi) (Pili) (Phi) (% ) (d) (m) (m) 
Mean (Phi) X 965*· -.009 -.971 *'" .350 .536* .652*'" 
Median (Phi) .965** X .000 -.994** .391 .534* .739** 
Sorting (Phi) -.009 .000 X -.059 .662*'" .574* . 160 
Gravel (%) -.971*· -.994*'" -.059 X -.418 -.562* -.739** 
Fractal (d) .350 .39 1 .662** -.418 X .678** .3 36 
Altitude (m) .536* .534* .574* -.562* .678** X .440 
Distance (m) .652** 739*'" .160 -.739** .33 6 .440 X 
Figure 7.38 Matrix plot generated by SPSS for Flirns dark band data. 
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the dark band data is shown in Figure 7.38 and the statistical testing results in Table 7.8. The 
Mean, median and weight percent gravel variables are all significantly related to each other. 
Weight percent gravel is again a good indicator of average grain size or coarseness. 
Dark band data reveal that this is the only band type for which relationships to distance from 
source can be used with confidence as can be seen from the line of best fits (Figure 7.38). The 
relationships shown for distance from source for all three measures of average grain size are that 
as distance increases, the grain size decreases. 
The altitude plots show data that can be used in the case of dark bands (Figure 7.38) . The altitude 
plots cannot be used to show relative variations with height in deposit at varied sites as it is not 
known where in the deposit each exposure lies. It is, however, worth mentioning the relationships 
for altitude as future river action will eventually uncover the base and I or seismic techniques will 
describe the deposit depth and the data can be re-evaluated. Altitude is significantly correlated to 
measures of grain size such that as altitude decreases the average grain size increases. 
Altitude is also significantly related to both the sorting and fractal dimension of dark band 
samples. The samples become better sorted with decreasing altitude; as altitude decreases so does 
the fractal dimension. The results for altitude variations will be clarified when looking at the single 
Valendas (V) exposure in Section 7.10.7. 
Other than the altitude relationship, sorting is also significantly related to the fractal dimension of 
samples. As the fractal dimension increases the samples become more poorly sorted (Figure 7.38 
and Figure 7.36). 
7.10.5 Tests for significant correlations -light bands 
ill this section relationships based only on light band data are analysed. The matrix plot showing 
possibly significant relationships is shown in Figure 7.39 and the results of statistical analysis in 
Table 7.10. Figure 7.39 shows that distance from source and altitude can both be used in the 
analyses of light band data as there are enough data points across the range - though again this 
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Table 7. 10 Correlations for the Flirns rock-avalanche deposit, light band samples, using 
Spearman's Rho test, N = 19. Results significant at the .01 level are highlighted in red and starred 
twice, those at the .05 level are starred once. 
Mean Median Sorting Gravel Fractal Altitude Distance 
_(Phit _(Phil (Phi) (%) (d) (m) (m) 
Mean (Phi) X .961 ** .641** -.940** .500* -.520* .675** 
Median (Pbi) .961** X .544* -.877u .433 -.446 .585** 
Sorting (Phi) .641** .544* X -.83 J** .798** -.709** .517* 
Gravel (%) -.940** -.877** -.831·* X -.658* .566* -.684** 
Fractal (d) .500* .433 .798·* -.658* X -.388 .369 
Al t.itude (m) -.520* -.446 -.709** 566* -.38 8 X -.406 
Distance (m) .675** .585** .5\7* -.684** .369 -.406 X 
Figure 7.39 Matrix plot produced by SPSS for Flirns light band data. 
169 
Chapter 7 - Results for individual rock-avalanche deposits 
could actually represent two clusters of data and cannot be discounted without further population 
of the centre of the plot. The problems of interpreting the altitude relationships has been stated 
previously but the relationships are statistically valid in some cases (Table 7.10) and so will be 
discussed. Altitude is related to mean grain size and weight percent gravel, though narrowly not 
significantly related to median grain size (Table 7.10). The significant relationship is that as 
altitude decreases so does the average grain size. 
A similar significant relationship is observed with distance from the source region, as the distance 
from source increases the average grain decreases. 
Altitude and distance from source are not significantly related but it can be broadly said that as 
distance increases altitude decreases and the average grain size becomes finer. 
The sorting of light band samples is significantly related to all tested variables (Table 7.10, Figure 
7.39). For the measures of grain size this relationship is that as grain size decreases the samples 
become more poorly sorted (see Figure 7.35 for median grain size variation as example). Sorting is 
significantly related to altitude such that it becomes better sorted with increasing altitude. For the 
distance from source region, as distance increases, sorting increases (more poorly sorted). 
7.10.6 Tests ror significant correlations - unstratified regions 
The fractal dimension of samples is significantly related to mean, weight percent gravel and 
sorting of samples (Figure 7.36, Figure 7.39, Table 7.10). For the measures of grain size, as the 
grain size decreases, the fractal dimension increases. In terms of sample sorting, as sorting 
increases (more poorly sorted) the fractal dimension also increases (Figure 7.39).The possible 
correlations for unstratified samples is shown in the SPSS matrix plot (Figure 7.40) with the 
statistical testing of these results shown in Table 7.11. It can be seen from the matrix plot and table 
that there are few relationships significant for unstratified samples. The sign.ificant relationship 
between mean and median gra in sizes confirms the fine skewed GSD's. Median grain size is not 
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Table 7.11 Correlations for the Flims rock-avalanche deposit, W1stratified samples, using 
Spearman's Rho test, N = 14. Results significant at the .01 level are highlighted in red and starred 
twice, those at the .05 level are starred once. 
Mean Median Sorting Gravel Fractal Altitude Distance 
(Phi) (Phi) (Phi) (%) (d) (m) (m) 
Mean (Phi) X .802** .319 -.833** -.073 .412 -.342 
Median (Phi) .802** X -.152 -.481 -.358 .400 -.375 
Sorting (Phi) .3 19 -.152 X -.600* .446 .109 -. 033 
Gravel (%) -.833** -.481 -.600* X -.411 -.202 .131 
Fractal (d) -.073 -. 358 .446 -.411 X -.118 .117 
Altitude (m) .412 .400 .109 -.202 -.118 X -.949** 
Distance (m) -.342 -.3 75 -.033 .131 .11 7 -.949** X 
Figure 7 AO Matrix plot produced by SPSS for unstratified Flims samples. 
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significantly related to gravel weight percent (narrowly), only mean grain size and so gravel 
cannot be used as a good indicator for coarseness of unstratified samples. 
The only other significant relationship is between distance from source and altitude (Table 7.11) 
but looking at Figure 7.40 it can be seen this is not as significant as it seems; there are only data 
points at the far reaches of the scale and no mid-points. 
7.10.7 Tests for significant differences 
The previous sections have described differences based on band type observed. It is necessary to 
test if this d ifference is statistically significant for the variables, allowing confidence in the 
relationships inferred for the band types and whole deposit. The results of Mann-Whitney tests are 
shown in Table 7.12, Table 7.13, and Table 7.14. The tests have been carried out to show 
significant differences between all band types including unstratified and so three conditions are 
used, light aga inst dark, light against unstratified, and dark against unstratified. 
Table 7.12 Mann Whitney test results for light band data against dark band data. Results 
significant at .01 level are marked in red and starred twice , those at .05 level are starred once. 
Mean {Phi) Median (Phi) S()rting (Phi) Gravel % Fractal@ 
Significance 0** 0""" .008** 0" .007** 
Table 7.13 Mann Whitney test results for light band data against unstratified data. 
Mean (Phi) Median (Phil Sorting (Phi) Gravel % Fractal (d) 
Significance 05* .05* .461 .084 .788 
Table 7.14 Mann Whitney test results for dark band data against unstratified data. 
Mean (Phi) Median (Phi) Sorting (Phi) Gravel % Fractal (d) 
Significance 0** 0** .00] ** 0** .007** 
7.10.7.1 Light band against dark band data 
All variables measured between the two band types are shown to be significantly different in Table 
7.12. This result shows that there are significant differences based on preserved band type. 
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7.10.7.2 Light band data against unstratified data 
The results shown in Table 7.13 for preserved light band samples against regions of no preserved 
stratigraphy show significant differences for only mean and median grain size. This result shows 
that light band preserved stratigraphy is not that far removed from regions of no preserved 
stratigraphy. 
7.10.7.3 Dark band data against unstratified data 
All variables measured between dark band preserved stratigraphy and unstratified regions are 
shown to be significantly different in Table 7.14. This result shows that dark preserved bands are 
significantly different than unstratified parts of the deposit. This again confirms that the 
unstratified region have more in common with light band regions. 
7.10.8 Summary 
The GSD and descriptive statistics between the two band types within the preserved banding 
facies are significantly different from each other. The unstratified regions of the structureless 
facies are significantly different from the dark bands but are similar to light bands. Various results 
presented in the correlation sections show that these regions, uncharacteristic for most rock­
avalanche deposits show intermediate character although closer to light band data. The data 
suggest that the structure/ess facies at Flims could in fact represent a mix of the two band types in 
the preselwd banding facies with light band characteristics dominating. 
7.11 The Flims rock-avalanche deposit - Valendas sample site (V) 
The Valendas sample site at Flims is described in detail in Appendix D. The exposure at Valendas 
is unique out of the seven sampled sites. Access allowed sampling of the preserved banding facies 
that is sub-horizontally banded at many heights and at two locations between which bands can be 
traced. This allows a study of the Valendas site much as that carried out at Falling Mountain 
(Section 7.4) with the addition of the bands lateral variation being tested as well as vertical 
changes due to the varied band type. 
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Tlus section will deal with the Valendas data as if they had not been examined as part of the larger 
Flims data set. This type of analysis is possible on each set of individual site data but Valendas is 
the most interesting because of the sample locations. Many of the other sites were of limited access 
and sampling points could not be as well positioned relative to stratigraphy as at Valendas. 
7.11.1 Grain size distributions (GSD) 
The weight percent histograms for the Valendas sample site histograms are shown in Appendix A. 
A smoothed plot of all of these histograms is shown in Figure 7.41 and in terms of weight percent 
fi ner in Figw-e 7.42. 
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Figure 7.41 Smoothed GSD plots for Valendas station data by band type. 
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On Figure 7.41 it can be seen that many of the GSD's show finely skewed, bimodal or even 
polymodal distributions, particularly in the case of dark bands. The GSD data segregate well on 
both plots on the basis of lithology. On Figure 7.41 the segregation in data can be observed 
between - 1 to + 9 Phi (2 mrn to 0.002 mrn) with dark bands showing a finer GSD than light bands, 
the exposure does not have unstratified data. On (Figure 7.42) the data clearly segregate below 60 
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Figure 7.42 GSD plots in weight % finer form by band type for Valendas data. 
4.0 
• 
3.5 • 
VERY 
• 
•
• • .~ •
•POORLY3.0 
SORTED 

= 2.5 

,J::. 
!!:. 
•Cl2 .0 
I: 
t POORLY 
~ 15 
 SORTED 
1.0 
• Dark band 
0.5 
• Light band 
0.0 
-7.0 -{3 .0 ~D 4D ~D ~D -1.0 0.0 
Median grain size (Phi) 
Figure 7.43 Plot of median grain size against sorting for Valendas station samples. 
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percent finer by weight, it can also be seen that the dark bands are more variable toward the finer 
class sizes. The 'kinks ' in the curve relate to the polymodal GSD noted from Figure 7.41. 
The Valendas data set allows the role of relative height in deposit (expressed as altitude as the 
deposit base is not exposed) to be assessed for this particular distance from the source (8250 m). 
This is a narrow range of height in comparison to the total depth of deposit some hundreds of 
metres thick but a useful exercise. First it is necessary to describe the other results for the Valendas 
data as it has previously been integrated into the whole deposit data set. 
A plot of median grain versus sorting (Figure 7.43) shows that the Valendas data are well 
segregated by sample band type. In terms of the median grain size the dark band samples are 
finer, ranging from - 2.8 Phi to - 0.8 Phi, whilst light band samples range - 5 Phi to - 3.1 Phi . There 
is little variation between the band types through the sorting values, all samples are classed as very 
poorly sorted (Figure 7.43). The light band samples show a greater range of sorting than dark band 
samples giving the visual impression that dark band samples are more poorly sorted. 
Graphs showing the variation in median grain size with height in section are shown in Figure 7.44. 
As samples were taken in two gullies (see Appendix D) plots can be generated for each gully 
(Figure 7.44 a). and b).). As four samples were taken from the same bands but in the different 
gull ie, it is possible to recalculate the height data from one gully (east) and align the data points for 
the bands separated by the gully This allows direct comparison between bands sampled in the 
gullies and shows lateral variations (Figure 7.44 c). The plots show again that light band samples 
are coarser than dark band samples. Results for thicker dark bands where two samples have been 
taken show normal grading, though it is noted that over the full height of the exposure no 
consistent form of grading is present. Figure 7.44 c) . shows that the light band and dark band 
sample taken from the thin bands separated by the gullies have very similar median grain sizes and 
vertical trends. However, the four dark band samples taken in the thickest band (two in each gully) 
show some lateral variation that increases with the height in the band. It appears that the thicker 
bands, as well as showing normal grading, are more variable laterally than the thinner units 
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Figure 7.44 Plots showing the variation in median grain size with height in section at Valendas a). west gully, b). east gully, and c). both gullies with east gully height 
data recalculated to align samples from the same band separated by the gullies. 
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Figure 7.45 Plots showing the variation of sorting with height in section at Valendas a). west gully, b). east gully, and c). both gullies with east gully height data 
recalculated to align samples from the same band separated by the gullies . 
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Similar plots can be generated for the sorting of samples at Valendas in relation to height in 
section (Figure 7.45). Results for the West gully (Figure 7.45 a).) show a very broad trend of 
increasing value for sorting with increased height (becoming more poorly sorted). This pattern is 
not consistent as the upper four dark band samples show a linear trend of decreasing sorting value 
with height, broken by the a light band sample that is far better sorted. These four dark band 
samples are taken within two thick bands, each set of two shows the bands getting better sorted 
with height. This result corresponds to the same bands showing decreasing grain size with height 
in Figure 7.44. The East gulley (Figure 7.45 b) again shows a very broad pattern of becoming 
more poorly sorted with height, broken by a better sorted light band at the top and a three sample 
pattern of becoming better sorted with height at the base. The comparison of the band samples 
separated by the two gullies is shown in Figure 7.45 c. In contrast to the variation of median grain 
size, it is the thin bands that show the greatest lateral variation, the thick dark band show close 
results. Within the thick band it is seen that the sorting decreases (becomes better sorted) with 
height, corresponding to the decreasing grain size pattern observed in Figure 7.44 c). 
The graphs described above show a result of samples becoming better sorted with decreasing grain 
size. The graphs also show a broad trend of becoming more poorly sorted with height but the 
expected corresponding increasing grain size is not observed on the plots. 
7.11.2 Fractal dimension analyses 
The fractal dimension analyses for the Valendas samples was carried out as part of the larger Flims 
rock avalanche data set in Section 7.10.1. It is to be noted that seven out of the sixteen samples had 
to have the fractal dimension value recalculated as the GSD's were beginning to deviate from a 
fractal distribution - usually at the coarse end of the scale. 
7.11.3 Statistical analysis 
The Valendas data can be tested for statistical correlations and differences as an individual data 
set, previously the data 
exposure (Appendix D) 
preserved band types. 
has 
allows 
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Table 7.15 Correlations for the Valendas exposure, Flims rock-avalanche deposit, all samples, 
using Speannan's Rho test, N = 16. Results significant at the .01 level are highlighted in red and 
starred twice, those at the .05 level are starred once. 
Mean Median Sorting Gravel Fractal Altitude 
(Phi) (Phi) (Phi) (%) (dl ("!i 
-.935**Mean (Phi) X .965** .018 .126 .003 
-.953** .965 ** -.009 .174 -.078Median (Phi) X 
.018 -.009 X -.176 .759** .378Sorting (Phi) 
-.935** -.953** -.1 76 -.335 -.032Gravel (%) X 
.126 .174 .759** Fractal (d) -.335 X .393 
Altitude (m) .003 -.078 .378 -.032 .393 X 
Figure 7.46 Matrix plot produced by SPSS for Valendas exposure, Flims rock avalanche. 
BAND 
C Llime 
<> o lime 
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7.11.3.1 Tests for significant correlation - all band types 
A matrix plot (Figure 7.46) is presented for the Valendas data set, with the points set by band type 
and the lines of best fit calculated for all data. As the matrix plot does not show labelled axes for 
each variable, where necessary individual plots will be generated to illustrate a result. 
Looking at the table of calculated statistics (Table 7.15) it can be seen that all three measures of 
average grain size are significantly related to each other. Figure 7.46 shows this relationship 
graphically and also shows that the data segregate well on the basis of grain size. Light band 
samples are shown to be coarser than dark bands samples, this holds for all three measures of 
average grain size - mean, median and weight percent gravel. This confirms the graphical 
interpretation in Section 7. 11.1 of the grain size distributions of the Valendas samples and also in 
Section 7.10.1 during analysis of all the Flims rock-avalanche deposit. 
The only other statistically significant result is the relationship between the sorting and fractal 
dimension of Val end as samples, as the samples become more poorly sorted the fractal dimension 
increases. Within this result no segregation of the data based upon band type is present, the sorting 
and fractal dimension of the Valendas sa mples appears independent of band type, also visible on 
the matrix plot (Figure 7.46). 
The fractal dimension against altitude is not statistically significant (Table 7. 15) but on the matrix 
plot (Figure 7.46) a weak relationship can be noted. As the altitude increases so does the fractal 
dimension of samples. 
A similar stati stically insignificant relationship is noted for the sorting of samples, they become 
more poorly sorted with altitude. 
7.11.3.2 Tests for significant correlation -light bands 
A matrix plot has been produced in SPSS for the light band samples at the Valendas exposure 
(Figure 7.47) and statistical analyses carried out (Table 7. 16). It can be seen from the 
<. 
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Table 7.16 Correlations for the Valendas exposure, light bands, Flims rock-avalanche deposit, 
using Spearman's Rho test, N = 6. Results significant at the .01 level are highlighted in red and 
starred twice, those at the .05 level are starred once. 
Mean Median Sorting Gravel Fractal Altitude 
(Phi) (Phi) (Phi) (%) (d) (m) 
Mean (Phi) X .771 -.543 -.029 -.543 -.143 
Median (Phi) .771 X -.429 -.143 -.429 -.200 
Sorting (Phi) -.543 -.429 X -.771 1.00** 0.86 
Gravel (%) -.029 -.143 -.771 X -.771 -.314 
Fractal (d) -.543 -.429 1.00"· -.771 X -.086 
Altitude (m) .143 -.200 -.086 -.314 .086 X 
IJ IJ 
~ IJ 
Mean J/ k no L;t; or~ 
0 
~J og ,I 0 ok 1 : /Ao 0 0 
Sorting 
0 
0 
1 : Dol 0 ·1 ~~ ft I 0 
o 
c 
• 
Altitude 
Figure 7.47 Matrix produced by SPSS for Valendas light band samples, Flims rock avalanche. 
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statistical testing that light band samples at Valendas show only one significant relationship, as the 
samples become more poorly sorted the fractal dimension increases. 
Closer inspection of Table 7.16 shows that many other relationships should be flagged as 
significant, the reason that they are not classed as significant is because of the low n number (n = 
6). Examination of Figure 7.4 7 allows re-evaluation of the statistical results, the line of best fit can 
easily be classed as showing a biased, insignificant relationship such as that for weight percent 
gravel against mean grain size (biased by a single point altering the relationship). Based on this re­
evaluation it can be stated that as samples become better sorted the samples become finer in size 
(using weight percent gravel). 
7.11 .3 .3 Tests for significant correlations - dark bands 
A matrix plot produced by SPSS for the dark band samples at Valendas is shown in Figure 7.48 
and the results of statistical testing in Table 7.17. They show a number of relationships for dark 
band samples at Valendas. The three measures of average grain size are all significantly related as 
expected, and with high degrees of confidence. 
The other significant correlations involve the sorting and fractal dimension results. Firstly, median 
grain size is significantly related to sorting, as samples become more poorly sorted, the coarser the 
grain size - the opposite relationship was observed for light bands. A similar relationship is 
observed for other measures of average grain size but they are narrowly insignificant. 
Sorting is also related to the fractal dimension of samples, as the samples become more poorly 
sorted, the fractal dimension increases. 
7.1 1.4 Tests for significant differences 
For the Valendas data, there are no unstratified regions and so the only test required is that of dark 
band against light bands. A warning in the result interpretation is required though; the n number 
for light band sample is low for statistical testing. 
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Table 7.17 Correlations for the Valendas exposure, light bands, Flims rock-avalanche deposit, 
using Spearman's Rho test, N = 10. Results significant at the .01 level are highlighted in red and 
starred twice, those at the .05 level are starred once. 
Mean Median Sorting Gravel Fractal Altitude 
(Phi) (Phi) (Phi) (%) (d) (m) 
Mean (Phi) X .903** -.491 -.993** 0 .67 -.030 
Median (Phi) .903** X -.648* -.988** .067 -.158 
Sorting (Phi) -.491 -.648* X .588 .600 .511 
Gravel (%) -.939** -.988** .588 X -.091 .067 
Fractal (d) .067 .067 .600 -.091 X .511 
Altitude (m) -.030 -.158 .511 .067 .511 X 
Figure 7.48 Matrix plot produced by SPSS for Valendas dark band samples, Flims rock 
avalanche. 
Table 7.18 Mann Whitney test results for light band data against dark band data. Results 
significant at .01 level are marked in red and starred twice, those at .05 level are starred once. 
Mean (Phi) Median (Phi) Sorting (Phi) Gravel % Fractal (d) Altitude 
Significance 0" 0** .268 0** .428 .958 
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7.11.4.1 Light band against dark band data 
The results in Table 7.18 show that the light band data is significantly different to dark band data 
in terms of the mean, median and weight percent gravel- the three measures of average grain size. 
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8 RESULTS - ALL ROCK-AVALANCHE DEPOSITS 
8.1 In troduction 
The previous chapter treated each deposit as an individual data set and looked at the relationships 
and differences within a deposit. The aim of this chapter is to combine the individual deposit data 
sets to allow analyses for broader relationships that hold for all deposits and also to explore the 
significance of the differences between the deposits. It is the hope that the relationships identified 
here can then be applied beyond the deposits of this study. 
8.2 Crain size distributions (CSD) 
Plots for all GSD data in weight percent finer form (Figure 8.1) and as smoothed weight percent 
histograms (Figure 8.2) are presented. Figure 8.1 shows the broad similarity in GSD for all 
deposits and samples. The obvious discrepancies in the fine data at - 0.1 mm and -0.0 I mm relate 
to the cut off point required during grain size analysis. If less than 10 percent by weight is finer 
than 63 I.UTI, laser diffraction analysis is not required. When it is perfom1ed, the laser method has a 
lower measured size limit. Other than two Falling Mountain samples that deviate from the GSD 
shape (identified as the Exposure 2 samples) all samples conform to a smooth cumulative S shaped 
distribution with a low percentage coarse peak followed by a fine tailed distribution. The 
presentation of all of the GSD data on a single plot is conventionally too much data but is required 
for this chapter. The cumulative GSD's for each deposit have been presented in Chapter 7 . The 
purpose here is to show that there is clear overlap of deposit data. Figure 8.1 (right) shows a 
summary of the GSD's found within the interior of rock-avalanche deposits including the 
maximum extents and GSD ' s in between. Of particular interest is the change of GSD shape 
moving from the coarsest samples to the finest. The GSD does not simply transition with all sizes 
becoming finer at equal rates i.e . the same GSD but at relatively larger / smaller sizes, there is a 
change in the gradient of the GSD ' s showing an increase of fme content as well as the absolute 
minimum clast size found. 
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Figure 8_2 Smoothed GSD plots for all deposit samples. 
Figure 8.2 shows some more of these variations in GSD, particularly between 100 mm an 1 nun, 
again there is a large amount of data to show the data overlap, individual plots can be found for 
each deposit in the relevant sections. Two distinct shapes emerge, one rising to a coarse peak 
before a long fine tail , the other starting at a coarse peak and then showing a similar fine tail. 
These two GSD shapes can be observed within the Falling Mountain, Flims, Poerua and Acheron 
data. These differing GSD shapes have been described in detail in (Chapter 7) and relate to 
lithological variations . The most significant departure in shape can be observed in the Poerua 
samples at the 0.1 mm size, this increase in weight percent is only observed at this deposit and so 
is not considered typical. It can be said that the GSD of rock-avalanche deposits are fine tailed 
(fmely skewed) , uni-modal ranging to bi-modal and rarely poly-modal. 
Descriptive statistics calculated using GRADISTA T (Blott and Pye, 2001) ITom the raw gra in size 
data can be used to specify a range of sedimentological characteristics for rock-avalanche deposits 
(Table 8.1). Inspection of Table 8. 1 reveals that rock-avalanche deposits have average grain sizes 
70% 
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coarser than 0 Phi (I rum) and are finely skewed as the mean grain size is less than the median 
grain size. It is also shown that rock-avalanche deposits have greater than 45 percent by weight 
gravel; this leads to a possible zone of classification on a plot of gravel, sand and mud (Figure 8.3). 
From analyses of the GSD's a zone has been marked with the more typical assemblages (Figure 
8.3) that takes into account the low percentage of mud found in samples (Appendix C). The range 
of sorting values in Table 8.1 reflect samples that are classed as 'poorly sorted' or 'very poorly 
sorted' (Appendix C), the low standard deviation reflects how consistent this is of all deposits. 
Table 8.1 Table showing ranges of selected variables for all rock-avalanche deposits sampled. 
Variable N Minimum Maximum Mean Standard Deviation 
Mean (Phi) 
Median (Phi) 
Sorting (Phi) 
Gravel (Wt %) 
Fractal (d) 
89 
89 
89 
89 
89 
-.13 
-.82 
1.46 
46.97 
1.95 
-5 .69 
-6.19 
3.69 
98.65 
3.04 
-2.63 
-3.24 
2.60 
75 .85 
2.44 
1.31 
1.36 
0.48 
0.10 
0.20 
Slightly 

Gral.elly 

Sand 

Sand 
Sand:Mud Ratio 9: 1 Sand 
Figure 8.3 Gravel, sand and mud textural plot with zones of possible rock avalallche 
sedimentology marked (diagonal lines) and most likely assemblages based on sample data (cross 
hatched). 
189 
1.1 \ 
Chapter 8 - Results all rock-avalanche deposits 
A plot of median grain size against sorting for all data broken down by deposit is shown in Figure 
8.4 and in the form of zones in Figure 8.5. Two distinct trends are visible; the first for the 
greywacke and argillite (Acheron, Falling Mountain and their schistose equivalent, Round Top) 
deposits show decreased sorting values (better sorted) with decreasing grain size. The second 
trend, for the limestone of Flims and schistose Poerua samples shows increased sorting values 
(more poorly sorted) with decreasing grain size. However, without the Acheron data the only trend 
is of increased sorting values (more poorly sorted) with decreasing grain size. The Acheron data 
visually gives the impression of two trends. This issue will be resolved in the statistical testing 
later in this chapter to establish if the Acheron data deviate sufficiently to stop an overall 
significant relationship. Possible reasons for the deviation of the Acheron rock avalanche data has 
been stated in Section 6.1 .6 . 
It is possible to plot data published in the literature on a similar plot to Figure 8.4. Methods vary, 
as discussed in the methods chapter (Chapter 3), but it is a useful exercise to assess the sensitivity 
of data to methodology and analyse for trends independent of method. The data used from the 
literature will not be used in statistical analyses as the varied samples sizes and methodology may 
seriously skew results. Where necessary, published data have been entered into GRADlSTAT 
(Blott and Pye, 2001) to generate the required descriptive statistics. Figure 8.6 shows a number of 
interesting trends. The overall trend is again one of finer grain sizes as the samples become more 
poorly sorted. TI1e plot has been divided into source rock type, limestone, greywacke and argillite 
or their metamorphic equivalent (New Zealand deposits) and those of volcanic origin. The 
volcanic rock avalanches in this case are associated with volcanic activity rather than simply a 
seismic / rainfall triggered rock avalanche within old volcanic source rocks . The plot shows that 
volcanic rock-avalanche deposits (Mt. St. Helens and Mt. Cayley) are the finest and consequently 
the most poorly sorted. The Mt. St. Helens data (Glicken, 1998) are some of the most thoroughly 
acquired in the literature and can be used with confidence as a comparison. The limestone deposit 
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Figure 8.4 Median grain size against sorting for all data by deposit sampled. 
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Figure 8.5 Median grain size against sorting for all sample data in the form of fields. 
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Figure 8.6 Median grain size against sorting for all collected data and published data . New Zealand 
data points (greywacke / argillite and their schistose equivalents are from within this study or 
provided by McSaveney (personal communication), Volcanic data from Glicken, (\998), Frank 
Slide from e ruden and Hungr, (\988). 
ofFlims spans a broad range, and the limestone Frank slide (Crllden and Hungr, 1986) plots within 
this same zone. This leaves the limestone deposits as the best sorted and coarsest of the rock 
avalanches studied. The New Zealand deposits plot as an intermediate zone between the volcanic 
and limestone deposits, with spread in the field brought about by the more poorly sorted schistose 
deposits. Although far from a complete data set, Figure 8.6 shows interesting data zoning and is an 
important result when considering the possibility of future work (Chapter 10). 
Using the same extended data set it is possible to examine if average grain size is related to the 
volume of a deposit (Figure 8.7) . Although a single average grain size for a whole deposit has 
already been shown to be fundamentally flawed, it is necessary in this case as data are being used 
from the published literature. The plot shows that the volume of a deposit has no effect on the 
average grain size. The plot also shows that the minimum volume of a rock avalanche is around 
lx106m , the one result for a non-fragmenting landslide (McSaveney, personal communication, 
2003) is below this volume but further data are required to constrain this more accurately. 
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Figure '11,.7 Plot of mean grain size against volume of deposit. Data sources are from within this 
study or, 1 McSaveney, personal communication, 2 Hungr and Evans, 1988,3 GJicken (1998). 
Kurtosis is not often used in sedimentology and descriptive statistics, it is often considered 
meaningless as it is generated during statistics but difficult to represent physically (Folk, 1974). It 
will, however. be explored here along with skewness as a means of bettering the knowledge of the 
sedimentology. Plots for sampled deposits, and one for all available published data in addition are 
shown in Figure 8.8 and Figure 8.9. The plot for sampled deposits (Figure 8.8) shows an 
exponential relationship of increased skewness with increased kurtosis. The majority of samples 
are finely skewed, a fact shown in the analyses ofGSD's for individual deposits (Chapter 7). The 
plot for all available GSD data (Figure 8.9) shows a similar pattern although not truly exponential, 
a polynomial line of best fit is used with a high R2 value. This plot shows that the data split mainly 
between symmetrical and finely skewed distributions, with some data, mainly from the Flirns rock 
avalanche being very finely skewed. The majority of samples in the symmetrical zone are those of 
the Mount Saint Helens rock avalanche (Glicken, 1998). No rock-avalanche deposit samples from 
this study or from the literature show a negative skew and it can be considered a diagnostic 
feature. In terms of kurtosis in Figure 8.8 and Figure 8.9 almost all of the data fits into the 
categories of platykurtic and leptokurtic (Appendix C). 
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Within individual deposit Sections, a plot generated was that of weight percent gravel against 
mean and median grain size, this is shown for all sampled deposits in Figure 8.10. The sample 
GSD's can be said to become nonnally distributed at around 3.5 Phi where the two measures of 
average grain size cross. As noted previously, if a hypothesis that the lines of best fit are the 
actually the same was statistically tested it would prove significant as the gradients are so similar 
and involve scattered data . This means that this crossing of the averages may actually not happen, 
or may happen at a different value but it is still useful to assume that the plot is correct. The 
median grain has a larger scatter than the mean values and a correspondingly lower R? value. 
The fractal dimension range for rock-avalanche deposits is shown in Table 8.1 with low standard 
deviation, the minimum value of fractal dimension (1.95) is well below the 2.58 value expressed 
for maximal cushioning and equal chance of fracture of all clast sizes (Sanunis et aI, 1987). The 
mean value of 2.44 approaches this value, but interpretation and further tests are required to assess 
which clast sizes are preferentially fracturing. This can be achieved using plots Figure 8.11 and 
Figure 8.12. 
The fractal dimension increases as median grain size becomes finer (Figure 8.11) for the data 
below 2.58 and overall, a relationship that will be tested for significance in Section 8.4. The 
samples, below 2.58 and overall become less finely skewed as median grain size decreases (Figure 
8.12). These two results combine to show that as samples become less finely skewed, the samples 
fractal dimension increases, and this is accompanied by a decrease in median grain size. This shift 
in the fiftieth percentile to the finer grades as the fractal dimension increases indicates a loss of 
coarse material. 
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Figure 8.10 Weight % gravel against mean and median grain size for all sampled deposits . 
8.3 Fractional dimension analyses 
The fractal dimension for each individual sample has been calculated in the individual deposit 
sections (Chapter 7) and any problems are detailed therein. 
Figure 8.11 and Figure 8.12 show that for samples with fractal dimensions below 2.58 fractal 
dimension increases as the median grain size decreases; this is accompanied by a decrease in the 
skewness of samples. A loss of coarse material (median becoming finer) as the fractal dimension 
increases shows that the coarse clasts must preferentially fragment below 2.58. The 50th percentile 
is moving further from the coarse end of the scale. Th.is result is backed by visual examination of 
GSD h.istograms of samples with a range of fractal dimensions. For the samples with fractal 
dimensions above 2.58 (Figure 8.11 and Figure 8. 12) this relationship alters. The samples h.ave a 
higher fra cta l dimension than others with the same median grain size but are less fmely skewed. 
This shows that the fiftieth percentile is further toward the centre of the distribution, instead of 
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Figure 8.11 Plot of fractal dimension against median grain size for all sampled deposits. 
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Figure 8.13 Histogram showing average fractal dimension of band types and deposits. The dashed 
line corresponds to 2.58. 
preferential fracture of coarse c lasts the fragmentations are occurring amongst finer grades too. 
Figure 8.13 shows the average fractal dimension for each deposit and, when stratified, the average 
fractal dimension for each band / facies type. Figure 8.13 shows that only the two schist rock-
avalanche deposits (Poerua and Round Top) show average fractal distributions over the 2.58 value 
associated with clasts of all size fragmenting (Sammis, et ai, 1987). Both of the grey wacke / 
argillite rock-avalanche deposits (Falling Mountain and Acheron) are close to 2.58 within the error 
bars whilst Flims is well below. The subdivisions into stratigraphical units for Flims shows that it 
is primarily the light band samples and unstratified regions bringing the average down ­
interpretation of the unstratified areas will discuss its origin as it has been previously interpreted as 
a mix of other facies (Schneider el ai, 1999). 
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The statistical relationship of fractal dimension to other grain size variables is analysed in Section 
8.4, and also the significant difference in terms of average fractal dimension, if any, between 
deposits rather than relying on visual interpretation of the error bars on Figure 8.13. 
8.4 Statistical analyses 
8.4.1 Tests for normality 

A Chapiro-W ilk test for normality has been used to determine if the data are normally distributed. 

The result expected from analyses of the single deposits is that the data is not normall y distributed 

and so non-parametric stati stics will therefore be applied. 

8.4.2 Tests for significant correlation 

A summary of the results from Spearman's Rho tests for the whole rock-avalanche deposit data set 

is shown in Table 8.2 and the corresponding matrix correlation plot in Figure 8.14. The two 

figures will constantly be referred to in the next section of text. The relationship of median grain 

size to sorting, shown also in Figure 17.4, is proved significant for all deposits. The significant 

relationship is that as sorting values increase (more poorly sorted) the grain size becomes finer. 

Sorting is also significantly related to all other test variables. For the other two measures of 

average grain size (using weight percent grave l as an indicator of coarseness) the result is also of 

becoming more poorly sorted with decreasing grain size. This is expected as the three measures of 

average grain size are also significantly rel ated with a high leve l of confidence as can be observed 

on the matrix plot (Figure 8. 14) . Sorting is significantly related to the fractal dimension in such a 

way that as sorting values increase so does the fractal dimension. ft is sorting that shows the only 

significant relationship to altitude, tested using the Falling Mountain data set where the sample / 

base / surface relationship is well constrained. The deposit becomes better sorted toward the top. 

The fractal dimension, as well as being related to sorting, is significantly related to all three 
measures of grain size. The fractal dimension increases as gra in size (or weight percent gravel) 
becomes finer (or lower). 
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DEPOSIT 
C Flirrs 
G~ Round Top 
.6. Poerua 
FRACTAL1o Acheron A Falling rvbuntain 
Total Population 
Figure 8.14 Matrix plot for all sampled rock-avalanche deposits. Arrows indicate increase in 
variable, for grain size an increase is a larger grain size, for sorting an increase is more poorly 
sorted. Lines of best fit are based on all data points and are tested used for signi ficance testing. 
Table 8.2 Table of Speamans ' Rho results, n = 91. Results significant at the .0 I level are 
highlighted in red and starred twice, those at the .05 level are starred once. 
Mean (Ptti) 
Median (Phi) 
Sorting (Phi) 
Gravel (Wt %) 
Fractal (d) 
Altitude (m) 
Mean 
(Phi) 
X 
988** 
369** 
.958** 
529** 
-.118 
Median 
(Phi) 
.988** 
X 
.3 10** 
-.939** 
.506** 
-.081 
Sorting 
(Phi) 
.369** 
.J 10*'" 
X 
-.547** 
.280** 
-.392"'* 
Gravel 
(Wt. %) 
-.958** 
-.939** 
-.547** 
X 
-.612** 
.225 
Fractal 
(d) 
.529** 
.506** 
.280** 
-.61 2** 
X 
.018 
Altitude 
(m) 
-. 118 
-.081 
-.392** 
.225 
.018 
X 
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Using all of the above significant correlations it is possible to generate a predictive plot for 
descriptive grain-size variables. Weight percent gravel has been chosen for this task as it is easy to 
estimate or measure in the field, simply the percentage over 2 mm in diameter and so can be 
carried out with a single sieve. This holds over the range of variables measured in this study and is 
applicable to most rock-avalanche deposits in valley confined settings with average grain sizes in 
the -6 Phi to +1 Phi. kgmJ kg/mJ 
100% 

95% 

" 
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" 
" 
" 85% " Fractal ~ SortingMedian " " "" Mean ~ 0 80% " 
"1: \.~ 75% " " 
" 
"3:
=: 70% " 
" CI) 
" > " ~ 65% 
(!) 
 " " 
" 
" 
"
60% ~ \ 
'<) 
55% \ 
50% . 
45% 1 --~-r--~-r--.--r--.--r--.--r--r-~~~'::~~~~:-~~~:'a-;
-6 .0 -5 .5 -5.0 -4.5 -4 .0 -3 .5 -3.0 -2.5 -2.0 -1 .5 -1 .0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3 5 4 .0 4.5 
Grain size (Phi), Sorting (Phi), or Fractal dimension (d) 
Figure 8.1 Plot used to predict the median, mean, sorting and fractal dimension of rock-avalanche 
deposit samples over the size range -6 Phi to +4 Phi using weight % gravel. 
Further work is required to assess its use for rock-avalanche deposits in other geomorphological 
settings with a range of lithologies and so better constrain the lines of prediction. 
8.4.3 Tests for significant difference 
Mann-Whitney U tests have been applied to the whole data set to test for significant differences 
between deposits. To do this within SPSS the statistical test has to be carried out between two 
deposits at a time, this can then lead to a matrix table to allow comparison of all deposits to each 
other for each variable as required. The matrix table for the fractal dimension of samples is shown 
in Table 8.3, sorting in Table 8.4, and a measure of average grain size, median grain size, in Table 
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8.5. Caution should be exercised during the interpretation of the statistical testing when using the 
Round Top and Poerua deposits due to the low number of data points. 
Table 8.3 shows that the Flirns rock-avalanche deposit is significantly different to all other 
deposits in terms of the fractal dimension. The schistose Poerua deposit is significantly different to 
all other deposits except for the schistose Round Top sample. The two greywacke and argillite 
deposits of Falling Mountain and Acheron are not significantly different from each other. The 
Acheron deposit is then significantly different to all other deposits, Falling Mountain is not 
significantly different to the single Round Top sample. 
In terms of the sorting of samples (Table 8.4), the Round Top deposit is not significantly different 
from any other deposit. The Poerua deposit is significantly different from all other deposits except 
Round Top. This leaves just the Flims and Falling Mountain deposits that are significantly 
different form each other as once again Falling Mountain and Acheron are not significantly 
different form one another. 
Table 8.5 shows the similarity of the median grain sizes for the whole deposits, ignoring the band 
types and facies that have been shown to be significantly different previously (Chapter 7) . Only 
the Acheron rock avalanche-deposit shows any significant differences, to Flims and to Falling 
Mountain. 
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Table 8.3 Matrix table showing significant differences between deposits for fractal dimension. 
Results significant at the .01 level are highlighted in red and starred twice; those at the .05 level 
are starred once. 
Deposit Falling Mtn. Acheron Poerua Round Top Flims 
FaHing M tn. 
Acherou 
Poerua 
Round Top 
Flims 
X 
.947 
.008** 
.104 
.000** 
.947 
X 
.006** 
.099** 
.000** 
.008** 
.006** 
X 
.180 
.000" 
.104 
.099** 
.180 
X 
.039* 
.000** 
.000** 
.000** 
.039* 
X 
Table 8.4 Matrix table showing significant differences between deposits for sorting. Results 
significant at the .01 level are highlighted in red and starred twice ; those at the .05 level are starred 
once. 
Deposi t Falling Mtn. Acheron 
.224 
X 
.006** 
.620 
.076 
Poerua 
.008** 
.006** 
X 
.180 
015* 
Round Top 
.745 
.620 
.180 
X 
.627 
Flims 
.009** 
.076 
.01 5* 
.627 
X 
Falling Mtn. 
Acheron 
Poerua 
Round Top 
Flims 
X 
.224 
.008** 
.745 
.009** 
Table 8.5 Matrix table showing significant differences between deposits for median grain size. 
Results significant at the .01 level are highlighted in red and starred twice; those at the .05 level 
are starred once. 
Deposit Falling Mtn. Acheron Poerua Round Top Flims 
Falling Mtn. 
Acheron 
Poerua 
Round Top 
F lims 
X 
.000** 
.086 
.104 
.388 
.000"'* 
X 
.465 
.409 
.000** 
.086 
.465 
X 
.655 
.157 
.104 
.409 
.655 
X 
.314 
.388 
.000** 
.157 
.314 
X 
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9 DISCUSSION 
9.1 Introduction 
The purpose of the discussion is to draw together and interpret the observations and results 
presented. The chapter will make clear the novel contributions to the subject, raise issues for future 
research and assess the wider implications for the results beyond the scope of this study. Before 
continuing it is important to restate the main research aim of this thesis - to better characterise the 
sedimentology of rock-avalanche deposits. 
9.2 The structure of rock-avalanche deposits 
The general structure of rock-avalanche deposits can be described by drawing together the 
observations made at individual deposits (Chapter 7). Using observations and the data collected a 
simple facies assemblage is derived for rock-avalanche deposit study consisting of three distinct 
facies; the Carapace f acies, the Body facies, and the Basal facies (Figure 9.1). This facies 
approach utilises the facies already observed and described for deposit interiors (Section 4.7.2). 
They now become sub-facies within the Body facies of deposits. This approach is novel and allows 
non-specialists to describe the main features likely to be found in a rock-avalanche deposit, vital in 
hazard assessment for recent deposits and engineering projects without the benefit of bore-hole or 
geophysical investigation. More detailed description and interpretations of these facies are 
presented in Sections 9.2.2 to 9.2.4 after consideration of the morphological type of deposits data 
were derived from. 
9.2.1 Gross deposit morphology 
9.2.].1 Introduction 
Although not the original focus of this project, gross deposit morphology has required detailed 
description for individual deposits and interpretation as it cannot yet be discounted as a control on 
sedimentology. Gross morphology is also vital; it is often the only feature along with the Carapace 
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facies visible at a rock-avalanche deposit. Observations made at a number of deposits have bearing 
on the gross deposit morphology, most of which is visible is classed as the Carapace facies. Each 
of the deposits can be traditionally classified using morphology and assumed energy loss (Nicoletti 
and Sorriso-Valvo, 1991), (Figure 2.1). 
I. Falling Mountain - TYPE III 
2. Acheron - TYPE III 
3. Poerua - TYPE III 
4. Round Top - TYPE II 
5. Flims - TYPE I, II and III elements 
The Round Top deposit was only afforded a brief study to add to the data set, the data collected are 
deemed insufficient to allow meaningful interpretations of morphology. 
The Falling Mountain rock-avalanche deposit is by the far the best preserved deposit studied in 
terms of primary morphology; as such it yields useful insights presented below. The large surface 
relief of the upper deposit at Falling Mountain is in direct contrast to the lower deposit (Section 
6.2.5). It can be interpreted that the upper deposit travelled across valley from the source region 
(Figure 6.16) and impacted on the opposite valley slopes. This impact restricted the spreading of 
the deposit, evidence from unconfined deposits show they rapidly thin and spread, for example the 
Round Top rock-avalanche deposit (Section 6.4.4) and the Shennan Glacier deposit (McSaveney, 
1978). This impact resulted in a hummocky, high surface relief deposit reflecting the buried valley 
floor, the pre-mountain morphology and effects of the impact on the opposite slopes including 
super-elevation and fall-back (Section 6.2.4.1). The lower deposit consists of material that has 
travelled for an increased time, and so distance, spreading down-valley. During this travel the 
deposit has necessarily thinned as it is not actively entraining enough material to retain a constant 
thickness (the Basalfacies is only 4 - 5 m thick when exposed, (Figure 6.19). 
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Deposit surface 
, 
~ 
~ 
~ 
~ 
~ 
Carapace Facies 
Body Facies 
(Preserved Banding 
Sub-facies) 
Basal Facies 
Figure 9.1 Schematic cross Section through a rock-avalanche deposit showing the surface and 
near-surface Carapace facies, the main Body facies (most common sub-facies of preserved 
banding shown) and the Basal facies . Note the rounded alluvial boulders in the basal area and the 
irregular contact with the main interior above. 
The spreading, thinning and time in motion has served to reduce the surface relief to minor, low-
relief hummocks consisting of smaller surface and subsurface clasts than the upper deposit. The 
intermediate step in this process involves the transition from motion across valley, to down valley 
(Figure 6.10). 
The key morphological features preserved as evidence for this 'transition ' are the steep rectilinear 
'steps' in the upper section of the lower deposit (Section 6.2.5 and Figure 6.15). It can be debated 
if these steps are syn-depositional features or post-depositional slumping (rotational failure) of 
unstable material downslope over time. Observations support the steps being primary features, 
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there is no change in surface material on the steeper sections as would be expected after failure, 
and no depositional lobate features below the scarps or bulging toe regions to mark a slump. 
McSaveney and Davies ( 1999) support a syn-flow origin stating that the scarps are from 
retrogressive failure in this mass before material further down-valley stopped. 
For this research it is interpreted that these steps represent the evacuation of a portion of the mass 
from the cross valley directed flow (Figure 6.10), specifically the major unit of westerly flow, that 
was unstable under the depositional conditions. Whilst the cross-valley flow deposited and 
remained in place with its characteristic high surface relief and lobe morphology (Section 6.2.5.1), 
the material on the northern side was unconfmed to the north - down the steeper West Branch 
Otehake valley. The material, never ceasing in motion, travelled, spread, thinned and became the 
low relief lower deposit of the down vaJley flow Section (5.2 .5.2). A similar process began for the 
south margin unit but ceased before significant travel, spreading and thinning could occur. It is 
unknown how far the valley topography controlled these variations, the cross-valley flow travelled 
and deposited over a near flat terrain, the down-valley flow travelled down a valley gradient. 
The Acheron rock-avalanche deposit, also TYPE III (Nicoletti and Sorriso-Valvo, 1991) shows no 
such upper / lower deposit segregation in terms of observable morphology but a broadly similar 
valley setting to Falling Mountain. It can be argued that the poor surface preservation is the cause 
of this, but it is unlikely. rfsurface relief similar to Falling Mountain was present, even when fully 
vegetated and weathered over time it would have retained significant surface expression. The 
entire deposit is similar in morphology to the down valley directed flow at Falling Mountain 
(Sections S.1A and S.2A) . The deposit also shows only minor areas of the coarse Carapace facies. 
The Poerua rock-avalanche deposit is another contrast. After the near ninety degree impact on 
opposing valley sides the rock avalanche stopped with negligible spreading along the valley with a 
gradient of six degrees. The resulting deposit is similar in morphology to the high relief cross­
valley flow of Falling Mountain. This includes the surficial features and small lobe features 
orientated to the source. 
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Table 9.1 Features of the three valley confined morphologies observed. 
Feature Stalled Two Phase 
Surface relief 
Mass distribution 
Surface 
stratigraphical. 
preservation 
Run-up 
Timing 
Dam fom1ed 
Hazard 
High 
Proximal, deep 
and narrow 
Yes 
On opposing 
slopes 
As one 
Deep, narrow 
Low direct, high 
secondary 
Low 
Spread evenly 
Yes 
Opposing slopes and super-
elevation around valley bends 
As one 
Low, broad, can form more 
than one 
High direct, low-moderate 
secondary 
High proximally, low distally 
Large deep stalled mass, thin 
spreaded distal with transition 
zone between the two 
Yes 
Opposing slopes and super-
elevation around valley bends 
Stalled deposit halts whilst 
spread portion travels along 
valley 
Deep proximal dam, low distal 
dam. More than one possible 
High direct, high secondary 
proximal, low distally 
The conclusion must be that an impact on opposing valley slopes does not always lead to a high 
surface relief, coarse blocked carapace, thick deposit near the impact slope and a finer, thinner, 
low relief deposit along valley flow as at Falling Mountain. It appears that the Acheron and Poerua 
rock-avalanche deposits are alternate end-member morphologies, the former spread down valley 
with little impact stalled debris near the opposing slope, the latter suffered full stalling of the mass 
on impact with the valley slopes opposite. The Falling Mountain deposit is intermediate, a large 
portion of the mass stalled, but a significant volume, enough to travel several kilometres along 
valley retained enough energy, spread and travelled along valley showing the 'excessive run-out' 
characteristic of rock-avalanche deposits. The volume of these deposits is a possible factor of 
3 3 3interest; Falling Mountain is 57 x 106 m , Acheron 5 x 106 m and Poerua 10-15 x 10° m . A 
common sense view suggests that the volume of the Poerua rock-avalanche should have had the 
capability to travel and spread in a manner similar to the far larger Falling Mountain rock 
avalanche. It didn't however; the small Acheron rock avalanche achieved a greater run-out in its 
valley. It appears at present that volume is the not the dominant control of final deposit 
morphology and run-out. 
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It must also be concluded that the classification of Nicoletti and Sorriso-Valvo (1991) is not 
sufficient to describe the range of valley confined deposit morphologies observed; the three 
variations above are all within the classification TYPE III . 
The interpretations of morphology presented here are more similar in nature to those proposed by 
Strom (1999) who also recognises distinct two phase morphology (termed Secondary). Further 
study of a number of deposits is required to better constrain the controlling factors leading to the 
three morphologies recognised and assess the number of morphological types. The hazards posed 
by each are vastly different in terms of primary and secondary hazard (Section 2.4.6). For the 
purposes of this work the morphologies observed will be termed stalled, spread, or two phase as 
shown in Table 9.1 and Figure 9.2. The recognition and description of the three distinct 
morphologies based on the sedimentology is novel contribution to the field of research. 
The greatest primary hazards are posed by rock avalanches leaving spread and two phase deposit 
morphologies. This is by virtue of their run-out along the confining valley, putting at risk any 
habitation or cultivated land in the run-out path. Stalled deposits can only cause this sort of 
devastation in the unlucky situation in which a slope directly above habitation fails. 
Stalled deposits in contrast form the greatest secondary hazard, a rock-avalanche dam in a narrow 
valley situation. A stalled deposit leaves its entire mass in a deep, compact blockage, a form that 
can impound a significant lake (Poerua for example, Section 6.3). Rock-avalanche dams pose a 
major downstream flood hazard when they breach, usually via overtopping, and this occurs to 
ninety percent within a year (Costa and Schuster, 1988). Spread deposits are observed to cause low 
dams for the same volume of material, that are likely to be overtopped quickly and so without a 
large volume of water impounded in comparison with a stalled deposit. The Acheron deposit is a 
good example of this with the three small and thin alluvial sediment wedges deposited (Appendix 
E) when the rock-avalanche deposit dammed the minor side valleys. A two-phase deposit is also 
capable of forming a rock-avalanche darn, for the same volume of material the dam formed must 
necessarily be lower and wider than a stalled deposit dam. There is also the further possibility of 
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1 Stalled Deposit 
High run-up on opposing slope, deep but narrow 
1 ;,--- - - ...... blockage of tributary valley. High surface relief. 
Low direct hazard, high secondary hazard from 
....... '- ... ~ _ ' 
 dam. 
2 Spread Deposit 
Run-up on opposing slopes, super-elevation on 
2 valley bends. Relatively thin, low surface relief 
deposit filling down-valley. High direct hazard 
but only moderate secondary hazard from the thin 
dams fonned 
3 Two-Phase Deposit 
Run-up on opposing slopes, super-elevation on3 
valley bends. Deep, high surface relief proximal 
deposit, relatively thin, low surface relief deposit 
distally. Intem1ediate zone of steep scarps facing 
down-valley. High direct hazard. High secondary 
hazard in proximal deep, narrow dam, lower for 
distal, thin dam. 
Figure 9.2 Plan view of the three valley confined morphologies. The deposit is within in a tributary 
valley to show the possible effect on the main valley in terms of darruning and sediment delivery. 
two dam morphologies with a two-phase deposit, a deep proximal blockage and a thin distal 
blockage (Figure 9.2). The volume of water impounded by a two-phase deposit is entirely 
dependent upon the distribution of mass within he two phases. 
For all morphologies the position of the deposit in the drainage network is critical. Poerua was 
capable of creating a large impounded lake (Section 6.3) whilst the Falling Mountain rock-
avalanche deposit has only an insignificant ephemeral pond dammed against the southern margin 
(Figure 6.90). The affect of dam sedimentology on dam breach and subsequent flooding is a topic 
for fu ture research and involves direct usage of the data presented. 
What follows next is a more detailed description of the major sedimentological facies identified 
for rock-avalanche deposits . 
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9.2.2 The Carapace facies 
The Carapace facies is the topmost unit of a rock-avalanche deposit and may vary in thickness 
from less than one metre (Acheron deposit, Section 6.1.5) to several hundred metres (Usoi rock­
avalanche deposit, Eberhart and Stead, 2004). The carapace is the coarse material forming the 
surface down to a sharp, undulatory boundary, below which material is intensely fragmented to 
finer grades. The term carapace for this surface and near-surface unit has gained general 
acceptance after proposal by Davies and McSaveney (2004) and Dunning (2004). The Carapace is 
a distinct layer and not simply the coarse culmination of crude inverse grading as is generally 
accepted (Cruden and Hungr, 1986). The Carapace consists of angular boulders with no defined 
upper size limit, it is likely strength and prior discontinuity dependent. The carapace is clast 
supported and can preserve original source stratigraphy as sharply delineated units (Figure 6.11) 
without mixing. The original substrate topography can be represented in the surface topography of 
the Carapace facies (Figure 2.3), although this is often masked by depositional features such as 
large hummocky terrain (Section 6.2.5) in valley confmed deposits, or ridges and troughs in lobate 
deposits, for example the Sherman glacier deposit (McSaveney, 1978) and the Denali deposits 
(Figure 2.3). The surface of individual boulders may represent the original mountain surface 
(Section 6.2.5), care should be exercised in the use of dating techniques such as lichenometry 
(Bull, 1996) and cosmogenic dating. 
The vertical zonation of the Carapace facies has not been a study obj ective of this research, work 
has concentrated on the interior (Body facies) of deposits. However, observations, literature 
searches and recent experimental work suggest that the Carapace facies could be inversely graded 
(Bianchi-Fasani, 2004). Previous study on the vertical internal structure of rock-avalanche deposits 
noted crude inverse grading in the whole deposit, sometimes backed by grain size analyses 
(Cmden and HWlgr, 1986). It can be proposed that these studies suffer from two problems. The 
first is the broad observation that the surface is coarser than the interior - hence inverse grading 
instead of the recognition of a distinct and sharp boundary. The second is that the sections exposed 
of some rock-avalanche deposits, for example the Frank Slide in Canada (Cruden and Hungr, 
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1986) seems to be an exposure of only a thick, coarse Carapace facies and a poorly developed 
Body facies. The grain size analyses carried out represent only this near surface material and its 
apparent grading. Recent experimental work (Bianchi-Fasani, 2004) has shown that inverse 
grading can occur in this upper most unit via kinematic sieving, a process that has been discounted 
for the main body of a rock avalanche due to the preserved stratigraphy (therefore no mixing) but 
is feasible in portions of the carapace, although not ubiquitous as there is often surficial 
preservation of stratigraphy. 
The main importance of the carapace is that it is the view most often presented to investigators, 
especially on recent deposits without eroded sections. The misconception of the surface 
representing the interior presents a serious problem to engineers, particularly when a rock-
avalanche deposit forms a natural dam and urgent hazard and risk assessment is required (Davies 
and McSaveney, 2004). It is hoped that the results presented (Chapters 6 and 7) along with this 
discussion show the falsehood of such a view. 
9.2.3 The Body facies 
The Body facies is the main focus of this research and has been described and further divided into 
sub-facies detailed in Section 9.2 to reflect the levels of variation found. The Body facies is the 
unit found immediately below the Carapace facies and consists of highly fragmented, angular 
clasts ranging from the metre scale to two microns in diameter (Section 8.2). The Body facies is 
usually the thickest facies other than the rare possible thick carapaced deposits interpreted but 
unseen such as the Usoi rock-avalanche deposit (Eberhart and Stead, 2004). The sub-facies most 
often found forming the Body facies is the preserved banding sub-facies (Section 4.7.2); 
interpreted as the same facies developed in the sand drop experiments of Hodgson and Davies 
(1998), where original source stratigraphy is retained at distance from the source with clasts of 
highly fragmented but relatively undisaggregated material common - the so called 3-D jigsaw 
L 	 texture. It is this sub-facies that is most commonly associated with rock-avalanche deposits 
described in the literature. Clasts often preserve 'impact marks', points from which numerous 
, 
J 
I 
cracks radiate away from (Figure 9.5). The grain-size distribution of this material is finely skewed, 
poorly to very poorly sorted and fractal in nature, as shown for each of the deposits in Chapter 7 
I 
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and for all deposits in Chapter 8. A predictive plot for the descriptive statistics and fractal 
dimension of the Body facies based on weight percent gravel has been presented in Figure 8.15 and 
will, along with detailed discussion of this data set and the uses of the novel data collection 
technique follow in Section 9.3. 
9.2.4 The Basa/facies 
The Basal facies is found below the Body facies with the boundary between the two undulatory 
and often indistinct. The thickness of the Basal facies varies between deposits and within a single 
deposit but is usually far thinner than the Body facies (Figure 6.19). The Basal faCies does not just 
refer to rock-avalanche material but also to the substrate material eroded I affected by the moving 
rock avalanche. The distinction between the Basal facies and Body facies are the presence of 
substrate material and evidence of mixing within the Basalfacies. A rock avalanche has the ability 
to erode, transport and deposit substrate material - a fact in direct opposition to theories 
maintaining that a rock avalanche moves on a cushion of air (Section 2.4.4.2). Examples from this 
study of entrainment include the 'rip-up' alluvial clasts found at the base of the Acheron rock­
avalanche deposit (Figure 6.8), and the large alluvial boulders, tree stumps and trunks observed in 
the near complete vertical section at the Falling Mountain rock-avalanche deposit (Figure 6.19). 
Examples can also be found in the literature of entrainment in the basal region of rock-avalanche 
deposits. Heim (1932) noted that the Elm rock avalanche unearthed cables buried several metres 
below the ground surface. More recent work often uses wood entrained into the base of rock 
avalanches to date deposits (Burrows, 1975, Poschinger, 2002). 
Interpretation of the distance entrained material can be transported, at what point a rock avalanche 
stops entraining material, and its role in the mechanism(s) of motion is beyond the current data set 
but of future interest. The role of the entrained material is under considerable scrutiny (Evans and 
Hungr, 2004) and the need for a facies model and their relative distributions is clear. 
9.3 Methodological development 
To constrain the sedimentology of the Body facies, the primary aim of this study, a novel 
methodology was developed in two stages, the Preliminary Sampling Technique (PST) and the 
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Evolved Sampling Method (ESM) both described in Chapter 3. This novel methodology for 
sampling materials at a range of sizes from a user defmed maximum to the lower limit of the laser 
diffraction (LDM) (2 microns) corrects for moisture content and retention and is applicable beyond 
rock-avalanche deposits. Uses for the methodology include; examination of moraines, stratified 
scree (talus) slopes, river deposits and all other deposits that consist of distinct clasts and / or 
matrix such as debris flows and avalanches. A key use for the methodology will be application to 
non-fragmenting large landslides such as the Casey Landslide (McSaveney, personal 
communication, 2002). 
Alternative methods for the sampling of the interior of rock-avalanche deposits have been 
provided by; Strom (1999, 2004) using combined sieve and hydrometer methods of 2 - 3 kg of 
fines or - 50 kg bulk sieving, McSaveney and Davies (personal communication) using 1 - 2 kg 
samples of fines for sieving, and, most comprehensively, Casagli et al (2003). The methodology of 
Casagli et al (2003) was specifically developed to constrain the grain size distributions of material 
forming landslide darns in the Apennines and has been described in Chapter 3. 
The results from this study indicate that the ESM presented is preferable to the method of Casagli 
et al (2003) and the cruder bulk sieve approaches (Strom and Abdrakhmatov, 2004). ESM allows 
direct measurement of the 3-D size of clasts, as opposed to I-D or 2-D for the majority of the 
techniques (photogrammetry or survey tape) in Casagli et al (2003). Casagli et al (2003) conclude 
by stating that volumetric methods are more reliable when testing the interior of landslide dams 
with a large quantity of fines - the considerable bulk of rock-avalanche deposits. A key point of 
ESM is the correction of all field data to laboratory conditions. It has been found that the interior 
exposures samples can hold quantities of moisture sufficient to significantly skew grain size 
distributions. No other method to date has addressed this moisture content problem. 
The alternative photographic / survey tape grid by numbers methods ofCasagli et al (2003) for the 
study of coarse units are still valid and may prove the most accurate method for study of the 
Carapace facies, where sieve work is inappropriate due to boulder size. 
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The correction of the moisture content of samples is a required step during ESM, this is valuable 
data in itself. Along with the GSD and crude density measurements it is possible to calculate the 
hydraulic conductivity, intrinsic penneability and porosity of rock-avalanche debris and the 
relative importance of stratigraphy. These physical properties are of considerable importance to 
rock-avalanche dam studies, at present no data exist on the internal properties of such dams. When 
rock-avalanche dams fail, they usually fail quickly by overtopping (Costa and Schuster, 1988). 
However, when they persist it is the role of piping and internal seepage that can control the 
possible failure. In such cases the physical properties of the dam are critical, the data set collected 
is directly applicable to dam break and breach models (Manville, 2001). The role of sedimentology 
on the rapid failure of dams by overtopping is currently unknown but is presently being modelled 
by the author; preliminary results show the Carapace facies is the key to dam failure. 
The methods presented and used within this research have yielded the best GSD results seen so far 
for rock-avalanche deposits. However, the results presented have proved to be fractal in nature 
(Section 8.3), that is scale independent. If so, why not simply sample a single, small sample as 
used in the basic PST (Section 3.3.2). It should in theory be possible to extrapolate from this small 
sample the whole GSD of the Section in question (McSaveney, 2004, personal communication). 
I " This method, using the fractal dimension to extrapolate the whole GSD relies upon the fractal dimension being correct, especially when extrapolating the line of best fit as would be required. It 
I is the belief of the author that the ESM (Section 3.3.3) is the least error way of constraining the fractal dimension whilst collecting the GSD data. Collection of single, small samples runs the high 
risk of having the GSD significantly skewed by a single large (and therefore heavier) clast and so 
affording a false GSD and fractal dimension. 
The only viable alterative to the ESM is the predictive plot generated using the significant 
relationships found for weight percent gravel (Figure 8.15). For the deposits in question this plot 
generates the suite of descriptive statistics that GSD's are usually required for. As other features 
(such as skew of the distribution) are similar at all deposits (Section 8.2) and the visual GSD 
-
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histogram is not required the predictive plot provides the same data set with the added advantage 
of less time consuming field sieving (only one 2 rum sieve required) and without the need to 
remove samples for laboratory analyses. The GSD if required can be 'reconstructed' from the 
variables calculated by the predictive plot. 
Future work on this predictive plot will better constrain its applicability to deposits of varied 
lithology and morphology, and also its application to non-fragmenting landslide deposits to 
constrain the significant differences. It is hoped that further, more geotechnical data can be added 
to the predictive plot, preliminary work is evaluating the addition of intrinsic permeability and 
hydraulic conductivity calculated from the grain size and relating it to weight percent gravel. 
9.4 Sedimentology of the Body facies 
9.4.1 Introduction 
The primary focus of this research has been the study of the interior of rock-avalanche deposits. 
using the novel methodology provided in Chapter 3. After the development of a facies approach to 
rock-avalanche deposits (Section 4.7.2) it can be said that the sampling and detailed work has 
been carried out within the Body facies with minor work in the Basal facies (Acheron rock­
avalanche deposit, Section 6.1.6). It is the Body facies that shows the most interesting features and 
those of most use in terms of recognition, classification and material properties as it is by volume 
usually the largest facies (Figure 9.1). It also is far less ambiguous and can be compared from 
deposit to deposit as opposed to the Basalfacies that must reflect both the composition of the rock 
avalanche and the entrained substrate material and the Carapace facies that is interpreted not to 
reflect the main interior and processes based on the differing sedimentology and depositional 
conditions. It can be interpreted that the Carapace facies material, unfragrnented beyond original 
discontinuities such as jointing is passively transported along the surface ofa rock avalanche. 
In the case of the thin Acheron rock-avalanche deposit it is difficult to separate the Basal and Body 
facies, the small (volume and clast size) entrained alluvial clasts have had little significant effect 
on the sedimentology; this would not be the case if the Basalfacies is sampled at Falling Mountain 
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where large boulders are observed (Figure 6.19). The Poerua rock-avalanche deposit is interpreted 
to have entrained or carried pre-existing colluvium (Section 6.3.6), material that may explain some 
the anomalous amount of fine material noted in Section 7.6.1. The Falling Mountain rock-
avalanche deposit and the Flims rock-avalanche deposit show an undisturbed Body facies, at 
Falling Mountain the boundary between the facies is clear and visible. 
From all of the observational evidence and sampling carried out within this research it can be 
stated that the main sedimentological features of rock-avalanche deposits in high mountain settings 
can be described by the preserved banding sub-fades (Section 4.7.2.1.1). The other sub-facies 
identified are not considered at this stage representative of all rock-avalanche deposits but are 
required to adequately describe the sedimentology of the Flirns rock-avalanche deposit. 
Flims is exceptional in term of its size and features, those areas that show the preserved banding 
sub-facies are similar in nature to other rock-avalanche deposits, the other sub-facies are actually 
also remarkably similar to the preserved bandingfades in tenus ofGSD and descriptive statistics. 
The Flims deposit, although showing far more complex sedimentological structures fits the GSD 
and associated descliptive statistics of the preserved banding facies found within all deposits 
(Figure 8.1). In some instances this is not so surprising, the intact sub-facies (Section 4.7.2.1.2) 
represents the preserved banding sub-facies in essence, the difference is the separation of fractured 
clasts. Upon sampling it is evident that the intact material is highly fractured and readily fragments 
on removal. The GSD of these areas should be similar to the preserved banding sub-facies, it is the 
same processes and features without fragmented clast separation and associated matrix infill as 
clasts separate. It can be interpreted that this intact sub-facies occurs at Flims due to the sheer size, 
volume and confined valley setting allowing confmement of the preserved banding sub-facies that 
is then termed the intact sub-facies. 
The fractured sub-facies observed at Flims (Section 4.7.2.1.3) is on fIrst sight more difficult to 
interpret. It contains areas of cross cutting fractures through what appears as relatively intact 
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material; although as above, when sampled the rock is pervasively fractured and readily fragments, 
and sharply bounded areas of finer, highly fragmented clasts set within a matrix. The primary 
difference between these two zones is not only the level of fracture of the rock, but the level of 
separation of fractured clasts (so fragmentation rather than simply fractured). The layers ofhigbly 
fragmented, matrix supported material is of the same type temled 'dark bands' within the Flirns 
work as one of the band types within the prese1>'ed banding sub-facies (Section 4.7.2.1.1.2). These 
dark bands showed fmer GDS's and associated descriptive statistics than light bands (Section 
7.10.1) , in this case represented by the relatively intact zones of light coloured limestone. A useful 
working interpretation is that fragmentation is concentrating along these thin, finer dark bands in 
the fractured sub-facies. This can be supported by the higher fractal dimension (2.47) of the layer 
in comparison to the more intact zones (2.18 -2.33). With further transport time and reduced 
confinement it is interpreted that the fractured clasts in the more intact zones would begin to 
separate as further fragmentation occurs, evolving the exposure / section toward the preserved 
banding sub-facies of coarse light bands and fine dark bands as observed at FIirns (Valendas for 
example, Appendix D). The fine, dark layers would continue to become finer via fragmentation of 
the coarser clasts within the band, with the fractal dimension increasing as a consequence - fractal 
dimension being significantly correlated with grain size (Figure 7.35). 
Supporting evidence for this interpretation can be gained from the Falling Mountain rock­
avalanche deposit. Within the weaker argillite bands there are individual bands of concentrated 
fragmentation with correspondingly finer GSD's (Figure 7.19). 
The structureless sub-facies, again only found at the Flirns rock-avalanche deposit has been 
observed and described by different authors and interpreted in several ways (Section 4.7.1). The 
mapping of the Flirns deposit is an undertaking well beyond a sedimentology study aiming to 
characterise valley confmed deposits, as such no comment can be made on the differences in 
opinion on the extent / location of the facies over the 60 krn2 deposit. The GSD of samples taken in 
the structureless sub-facies (Section 4.7.2.1.4), however, do allow for interpretation. The GSD of 
the structureless sub-facies shows it to be intermediate between the light band and dark bands of 
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the preserved banding sub-facies (Figure 7.29 and Figure 7.30). This result has two 
interpretations, it is a differing lithology with an expected significantly different GSD; or, it is a 
mix of the two band types identified. A mix is supported by the complete lack of 3D jigsaw 
texture, no continuous features between clasts, mixed light and dark limestone clasts and the noted 
intennediate GSD. Statistically, support for the interpretation comes from the lack of significant 
relationships found for unstratified regions of the deposit (represented by the structureiess sub-
facies) as compared to the stratified regions (represented by the other sub-facies). It can be 
interpreted that the mix is biased toward the light band GSD of the preserved banding sub-facies. 
This is shown by the significant differences for dark band data against unstratified data (Section 
7.10.7) and the fewer differences between light band data and the unstratified regions. This 'mix' 
interpretation raises several questions that can be answered using the statistical results presented. 
For instance, why, if the structureless sub-facies is a mix of the light and dark bands found in the 
stratified sub-facies does it still fit the relationships found for 'true' rock avalanche facies? The 
interpreted answer to this question is that the unstratified regions have done little beyond simply 
mix and so still reflect the rock avalanche process GSD's, they have not become better sorted 
(Figure 7.33), fmer (Figure 7.33), or more rounded (Section 4.7.2.1.4). The light and dark band 
fragmented material has been allowed to mix, something that does not occur in any other rock 
avalanches observed. Other work has noted that this sort of material is only found on the lateral 
margins and upper surface of the deposit (Wassmer et ai, 2003). This suggests that the mixing can 
only occur when there is a free surface and a lack of confinement. Rock avalanche material dilates 
during movement (as observed from elevated trim lines, Section Figure 6.6), in the case of Flims it 
seems that dilation at the surface and lateral margins has allowed mixing of the upper portion. The 
interaction of this mixing of the upper portion of the Body facies and surficial Carapace facies 
cannot be observed at Flims. Only a few places preserved anything of the Carapace facies at 
Flirns, none near any of the sample sites. This could be interpreted that this mixing occurs where 
there is an absence of the Carapace facies but further data is required to critically assess the 
hypothesis. 
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9.4.2 The preserved banding sub-facies 
The preserved banding sub-facies has been described for individual studied deposits in the 
relevant sections. This facies is common to all deposits where distinctive lithologies are present in 
the source region; Falling MOWltain, Acheron, and at Flims. Within the Poerua rock-avalanche 
deposit there are differences in GSD that are similar in nature to those that represent differing 
lithologies at other deposits (Section 7.6.1) but it is not possible to recognise discreet units in the 
schistose fmal deposit. It would be expected to find variations representing changes in original 
lithology, or metamorphic mineralogy in the schist as it is the metamorphic equivalent of the 
greywacke and argillites of Acheron and Falling MOWltain. Closer mineralogical examination of 
the samples may reveal such features as the source region is described as units of foliated pelitic 
biotite schist and massive psamrnitic schist. 
Distinctive sedimentological features for the preserved banding sub- facies are: 
1. 	 Matrix supported with angular clasts 
2. 	 Sharp, planar to Wldulatory bOWldaries between differing lithologies with no mixing 
3. 	 Matrix of the same composition as lithology of surrounding fractured clasts 
4. 	 Highly fragmented but relatively undisaggregated clasts common 
5. 	 Preserved impact marks on clasts with radial cracks common 
6. 	 Sub-horizontal stratigraphical layering at distance whilst proximal exposures are 
dependent upon source rock orientation 
9.4.2.1 Matrix supported angular clasts 
In direct contrast to the overlying Carapace facies the preserved banding sub-facies is matrix 
supported. All clasts are angular, including those that are not part of the 3-D jigsaw texture 
(Section 9.4.2.4). 
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9.4.2.2 Sharp boundaries 
The boundaries found between the preserved lithologies are sharp with no intrusion of clasts or 
matrix from the bands above I below. This shows that the rock avalanche cannot be turbulent in 
motion as there is no mixing of the discrete units. Although the preserved stratigraphy is described 
as sub-horizontal (Section 9.4.2.6), the boundary between bands on a fme scale is rarely truly 
planar, it undulates (Figure 6.19). This undulatory boundary between units is consistent with the 
observations of Hodgson and Davies (1998) for sand drops oflayered deposits (discussed in more 
detail during 9.4.2.6). 
9.4.2.3 Matrix identical to surrounding clasts 
The matrix supporting the fragmented clasts consists of the same material composing the clasts. 
Further full mineralogical testing is required to test this across a boundary between two distinct 
lithologies as Hewitt (1988) has reported fmding diffusion of the finest portion throughout a rock­
avalanche deposit. 
9.4.2.4 Fragmented but undisaggregated clasts 
Clasts within the matrix can show the texture of being fragmented but relatively undisaggregated. 
This is not true of all clasts, in fact it is less common than simply fragmented individual clasts set 
in a matrix, but the so called 3-D jigsaw texture is a good positive identification and characteristic 
of rock-avalanche deposits over other forms of mass movement. The fact that not all clasts show 
this texture suggests that not all events that create smaller fragments preserve the immediate post­
fragmentation texture. The fragmented clasts can separate, but do not travel across band 
boundaries. The texture, where seen in the fmal deposit must either represent a fragmentation 
event preserved throughout the motion after fracture, or more likely represent a fragmentation 
event immediately before the cessation ofmotion. 
9.4.2.5 Preserved impact marks 
The preservation of points on fragmented but undisaggregated clasts with radial cracks emanating 
are interpreted to be impact marks. As in 9.4.2.4 for these impact marks to be preserved it is 
interpreted to show that the process of impact and fragmentation is occurring throughout rock­
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avalanche motion. No data collected can provide a direct causal link between impact marks and 
fragmentation to suggest if such impacts are the cause of fracture and the subsequent 
fragmentation. 
9.4.2.6 Sub-horizontal stratigraphy 
It is an interesting phenomenon that all of the observed deposits show preserved stratification as a 
series of sub-horizontal bands (Chapter 4 and Chapter 6) irrespective of the original bedding / 
stratification. As an example, the Falling Mountain deposit shows sub-horizontally banded 
preserved stratification, but the source region is near vertically bedded (Section 6.2.3). In contrast 
the Flims deposit shows sub-horizontal preserved stratification, similar to the shallowly dipping 
source rocks (Appendix D). The only region where non sub-horizontal preserved stratification has 
been observed is at Exposure 2, Falling Mountain, proximal to the source. At Exposure 2 the 
preserved stratigraphy is vertical in orientation (Appendix F). This suggests that during rock 
avalanche motion, as well as surface relief reducing, the original stratification is rotated from its 
vertical position to sub-horizontal without mixing. The process interpreted that allows this rotation 
in orientation is spreading and thinning / stretching of units in a non-turbulent manner. This is 
supported by laboratory scale sand-drop models that show this process in action with high-speed 
photography (Hodgson and Davies, 1998, Appendix J) and fits with observed deposits. 
9.4.3 The GSD of rock-avalanche deposits 
9.4.3.1 Introduction 
A great portion of this research has involved obtaining GSD's for each deposit. Results were 
presented for the single deposits in Chapter 7 whilst results common to all were presented in 
Chapter 8. Other than at the Flirns rock-avalanche deposit (Section 4.7.2) almost all samples were 
obtained in the preserved banding sub-facies (8.4.2) of the Body facies. Therefore this Section 
proposes to draw on the novel data set collected and interpret some of the more interesting 
features. 
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9.4.3.2 General comments 
The GSD's of rock-avalanche deposits were described in detail during individual deposit Sections 
(Chapter 7) and the broad similarity of all GSD's shown in Section 8.2. In summary it can be said 
that the GSD of a rock-avalanche deposit is a muddy-sandy-gravel to a sandy-gravel (Figure 8.3) 
with a range of descriptive statistics shown in Table 8.1. The GSD is usually unimodal to bimodal 
(Figure 8.2) and typically finely skewed ranging to very finely skewed (Figure 8.8). The deposits 
would become normally distributed if an average grain size of3.5 Phi was reached ifthere was no 
preferential fracture of clast size ranges occurring. As above fractal dimension 2.58 it is interpreted 
that there is preferential fragmentation of fines (Section 8.3) it is unlikely that a rock-avalanche 
deposit would ever become nommlly distributed, even if below fractal dimension 2.58 there is 
preferential fragmentation of coarse clasts driving the GSD to become normal. For this reason the 
finely skewed GSD's can be considered a diagnostic feature for rock-avalanche deposits. Variation 
can be found within individual deposits based on lithological variation (Chapter 7) and between 
deposits (Chapter 8) but in broad terms all deposits are more similar than different. The most 
significant result is that it is varied lithology that controls the final GSD and sedimentology of 
rock-avalanche deposits. 
Future work is required to test if the GSD's and descriptive statistics are unique and so can be 
distinguished from other forms of mass movements and glacial moraines - in particular rock-
avalanche deposits reworked by glacial action to eventually become lateral moraines (Hewitt, 
2004, personal communication). 
9.4.3.3 The fractal nature of the GSD 
All of the data collected for this study have undergone calculations to determine the fractal 
dimension of individual samples as described in the methodology (Section 3.6). This should not 
lIave its importance underestimated, there has been no comprehensive study showing that the GSD 
of rock avalanche samples are fractal in nature. Recent sedimentological studies (Strom and 
Pernik, 2004) state that the GSD of rock-avalanche deposits follow a Weibull distribution 
(Weibull, 1951) such tlIat: 
223 
Chapter 9 - Discussion 
F(x) == 1 - exp[- (xJXo)D] 
Where; Xo and n are parameters of the distribution, for rock-avalanche n is 0.805 - 0.376 (0.8) 
average (Strom and Pernik, 2004). 
This can be refuted with the collected data set, rock-avalanche deposits GSD's follow a fractal 
distribution (Section 8.3). Closer examination of the GSD of the Tien Shan examples of Strom and 
Pernick (2004) reveals that they too actually follow a fractal distribution (McSaveney, 2003, 
personal communication). Application of the Weibull distribution to an example GSD, in this case 
Falling Mountain, sample Fm0201, with a range of values for the exponent (n) in line with that of 
Strom and Pernick (2004) is shown in Figure 9.3. It can be seen that the Weibull distribution only 
fits for a very limited range of the GSD. The fractal method applied to the same GSD (Figure 9.3) 
shows a line ofbest fit with a high confidence level that fits the whole distribution. 
Although it can now be established that the GSD is fractal, what does it mean? Much of the 
published literature dealing with fractal dimensions relates to fault gouge. Throughout this 
literature the value of 2.58 is repeated as a value representing the equal probability of fracture of 
all sizes, a configuration with maximum 'cushioning' of same size clasts. In reality this would 
produce a section with almost no same size clasts in close contact (Sammis et ai, 1986). Based on 
observation this is generally true for sections viewed (for example Figure 6.26). A variation away 
from this is the highly fragmented but relatively undisaggregated clasts (Figure 2.5), when a clast 
has fragmented, especially when an impact mark has been preserved (Figure 9.5), many of the 
fragments still close to their original positions are of a similar size. 
To evaluate the fractal dimension of such a fragmented but relatively undisaggregated clast a 
single greywacke clast was carefully removed fragment by fragment from the Falling Mountain 
deposit. The matrix starting to infill the open gaps between individual fragmented components of 
the clast was not sampled. This clast represents an almost immediate snapshot after the rock ­
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avalanche flow fragmented the larger clast. The plot to calculate the fractal dimension (d) of the 
clast is shown in Figure 9.6. Two vastly different portions can be observed; the first, the coarser 
fragments greater than ~ 2mm with a d value of 1.44, and the second, the portion finer than ~ 2111111 
with a d value of 2.76. The clast average is therefore d = 2.19 when considering the relative 
proportions in each. 
The global results chapter (Chapter 8) interpreted that below 2.58 in the sampled deposits the 
coarser clasts were preferentially fragmenting. If true, it would mean that this clast should be 
preferentially fragmenting over its surroundings based on its average - particularly as the band the 
clast was removed from (Fm020 1) has an average fractal dimension value of 2.60, close to value 
of equal probability of fracture of all size clasts. On a smaller scale it can be interpreted that the 
coarse portion of the GSD is preferentially fragmenting its coarsest individual clasts (of the former 
larger clast) as the fractal dimension is below 2.58; the fine portion is preferentially fragmenting 
its finest individual clasts as it is above 2.58 (as explained in Section 8.3). This would result in a 
reduction of same size clasts in close contact by removing the coarsest individual clasts of which 
many were observed to be of a similar size and formation of a preferentially fine matrix produced 
by fragmentation of the fines. This would leave a clast becoming ever fmer if it continued to 
fragment, with increasing amounts of matrix infilling the open cracks and so forcing the individual 
new clasts apart. This can explain the fact that the fragmented clasts do separate; fragmented but 
undisaggregated clasts are characteristic (Section 9.4.2.4) of deposits, so preserving immediate 
post fragmentation structure, but it is far more common to find angular clast fragments that have 
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become fully dis aggregated. 
The fractal dimension of deposits was shown to be significantly related to grain size variables such 
that as fractal dimension increases, average grain size becomes smaller (Section 8.4.2). This is 
expected when considering that high values of fractal dimension are associated with materials such 
as fault gouge - an excess of fines and a narrow range of sizes. The range of fractal dimension for 
deposits, from 1.95 to 3.04 with an average of 2.44 for all deposits was shown in Table 8.1 and 
described in Section 8.3 and within individual deposit sections. The mean of 2.44, in combination 
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Figure 9,5 Radial cracks and matrix intill at a fractured but relatively undisaggregated clast of 
greywacke sandstone (Coleridge rock-avalanche deposit, New Zealand). 
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Figure 9,6 Fractal dimension method applied to a single greywacke sandstone clast from the 
Falling Mountain rock-avalanche deposit. 
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with the mean grain size for all of -2.63 Phi is interpreted to show that the rock-avalanche deposits 
studied are still preferentially fracturing the coarse content. Using the predictive plot generated 
(Figure 8.15) it can be interpreted that at a mean of -2.2 Phi the fractal dimension of2.58 would be 
reached. At this point a configuration of maximum spacing between same size clasts would be 
achieved. Fracture of clasts clearly continues beyond this level as higher fractal dimensions and 
finer average grain sizes have been described (Poerua for example, Section 7.6.1). When this 
occurs there is fragmentation across all grades, varying to preferential fracture of the fine portion, 
resulting in a deposit Section of excess fines (matrix supported, Section 9.4.2.3) with coarse clasts 
floating in this matrix - commonly observed (for example Figure 6.26). 
In a general conclusion to the fractal nature of rock-avalanche deposits it is interesting to note that 
there is variation between the different deposit averages as well as within a deposit based on the 
preserved lithologies (Figure 8.11 and Figure 8.13). This variation is not related to the morphology 
type and appears most closely linked to lithology. The greywacke and argillite deposits are similar; 
the two schistose equivalents are similar to each other whilst the limestone deposit is different 
from all the others (Section 8.3). The reasons behind this lithological control on the fractal 
dimension of deposit will not be explored further here but is an interesting topic for further work, 
at present the author speculates that the relative rock strengths and the pre-failure discontinuity 
pattern is critical. 
9.4.3.4 The sorting of rock-avalanche deposits 
The range of sorting values have been presented for each deposit and as a range for all deposits 
(Table 8.1). This range showed that all deposits vary between poorly sorted and very poorly 
sorted. These values of sorting were then shown to be significantly related to a number of 
variables, such that as deposits become more poorly sorted they become fmer (Section 8.4.2 and 
Figure 8.5). Within this it must be noted that the sorting values are still in the same broad 
categories of poorly to very poorly sorted (Folk, 1974), essentially for classification purposes 
sorting is fixed. The fractal dimension also increased as samples became more poorly sorted 
(Figure 8.11). This increase in sorting values represents a broader range of grain sizes present and 
an 'immature' sediment. It can be interpreted that as preferential fracture of certain clasts 
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(depending upon the fractal dimension) results in the generation of new clasts, as observed with 
the presence of 3D jigsaw texture. Generation of new clasts must result in the deposit becoming 
finer, becoming more poorly sorted and the fractal dimension increasing as described above. 
The above interpretations would be better supported with data showing the decrease in average 
grain size with distance from the source. TIns data, so far, has been impossible to collect due to 
time and budgetary constraints and most importantly a lack of suitable sections, but is a key point 
for future work. Prelinlinary results from the Flims rock-avalanche deposit show a decrease in 
grain size with distance but is massively complicated by the range of sub-facies and their 
distribution. Exposure 2 at Falling Mountain in contrast is clearly far coarser than samples in 
identical lithology further down-flow in Exposure 1 samples (Figure 7.15). As well as a change in 
stratification orientation from vertical to horizontal the GSD becomes finer with increased run-out 
at the Falling Mountain rock-avalanche deposit. 
! 
, 
9.4.3.5 The grading of rock-avalanche deposits 
t 
A more accurate title would be 'the absence of grading of rock-avalanche deposits'; no data 
collected supports the commonly held view that the interior of deposits are crudely inversely 
graded. The data show that any grading is simply the product of varied GSD due to differing 
observed lithological units, good examples from Valendas Station (Flims deposit, Section 7.11.1, 
Figure 7.42) and Falling Mountain (Section 7.4.l, Figure 7.19) have been presented that refute the 
inverse grading concept. The commonly expressed view of a inversely graded deposit most likely 
represents observations made at distance of the carapace overlying a fine body with no detailed 
study of the sedimentology of either. 
t 
The interior of rock-avalanche deposits (the Body facies) are not inversely graded, in fact where 
, grading within a single unit has been observed it has been normally graded (Figure 7.19 and 
I 
! 
Figure 7.42). It is impossible to comment further on this as the grading of the source lithological 
unit may be a key to understanding this. What can be said is that the same processes must be active 
at all levels in the Body facies as the there is an absence of grading and sinlilar lithologies react the 
I same at varied heights (Figure 7.42 and Figure 7.17). The Carapace facies may show inverse , 
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grading, suggesting; (a) different process(s) at the surface and near sub-surface to the Body facies 
as the GSD's show segregation based on lithological variations rather than height in deposit in the 
Body facies. This would explain the crude inverse gradin described and tested by eruden and 
Hungr (1986) at the Frank Slide, the thin deposit exposed represents the Carapace facies and a 
poorly developed Body facies and Basal facies. 
10 SUMMARY 
i 	 10.1 Introduction 
! The purpose of this chapter is to reinforce the major fmdings of this study without the need to refer to the detailed fmdings and interpretations of the discussion chapter. 
I 	 10.2 The rock-avalanche deposits: 
, • Are not crudely inversely graded, they show 3 distinct bounded facies: 
• Carapace facies of the surface and sub surface 
• May be inversely graded 
• Is a coarse openwork texture and clast supported 
• Is sharply bounded below with undulatory contact without grading 
• Body facies of the main deposit interior 
• 	 Showing a number of sub facies, the most prevalent and common to all being the 
preserved banding sub-facies that is: 
• 	 Sharply bounded, undulating layers ofpreserved stratification 
• 	 Occur after stretching and thinning during rock avalanche motion 
• 	 Show fractured bur relatively undisaggregated clasts showing fragmentation occurs 
until the end of flow and at all levels in the movement 
• 	 Show similar broad GSD's for all deposits with variations within a deposit due to 
lithology 
• 	 Grading is absent, variation in average grain sizes are due to changes in lithology 
only 
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• 	 The GSD's are: 
o 	 Finely skewed, poorly to very poorly sorted, fractal in nature 
o 	 Below a fractal dimension of 2.58 there is preferential fragmentation of 
coarse clasts 
• 	 There are zones of concentrated fragmentation, possibly related to rock strength 
• 	 Method has been developed to sample the Body facies GSD 
• Predictive plot has been generated to calculate all grain size variables based on 
I weight % gravel only for Bodyfacies 
,I 
• Basal facies of the rock-avalanche base and entrained substrate 
I 
I 
• 	 No useful GSD can be gained as facies is a mix of rock-avalanche debris and 
r 
b entrained material ~ 
~ 
1 	
• Shows rock avalanche interacts with substrate and capable of fragmenting substrate 
at distance from source - fragmentation is an ongoing process not a proximal
" ) phenomena( 
! 
• Morphology of the valley confmed rock-avalanche deposits varies 
• Stalled deposit, material runs up opposing slopes and comes to rest blocking valley 
~ as deep, relatively narrow blockage with high surface relief 
j 
• 	 Spread deposit, material spread and thins down valley, super-elevating on valley 
I 

I bends, leaving a relatively thin, low relief valley deposit with long runout 

•\ • Two-phase deposit, material runs up opposing slopes and forms a high relief, 
I 
i 	 narrow, deep blockage whilst a portion of the mass spreads, thins, and runs out along 
I 
valley super-elevating on valley bends and leaving a low relief, relatively thini 

i 

deposit. ~ 
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11 FUTURE WORK 
11.1 Future work with current data 
The data set currently held provided numerous opportunities for further research. In particular is 
the contribution that the data can make to the runout mechanisms of rock avalanches. This subject 
was introduced in the introductory chapter as it has been the main focus of research for many 
years. The subject was not discussed in detail during the discussion chapter for deliberate reasons. 
The intention of this piece of work was to better characterise and understand the sedimentology of 
rock-avalanche deposits, in all previous attempts sedimentological study has been used as a 
support for a particular mechanism. This thesis is an unbiased objective account and interpretation 
of the sedimentology, the role it can play in the solving of the runout mechanism, if any, should 
necessarily be kept separate. 
A use for the sedimentological data has become more apparent as the thesis progressed; the 
stability of landslide dams. It is the geotechnical characteristics of the debris forming a landslide 
dam that is a key control on its style and time of failure, or indeed lack of failure. With the current 
data set a number of modelling scenarios can be run to assess the role of sedimentology on dam 
stability, in particular the facies model presented. Within this modelling the porosity and 
t 
permeability of the facies identified is required, this can be calculated using simple relationships 
from the grain-size distribution. Work in progress has allowed a further predictive plot using Ii weight percent gravel to estimate the permeability, hydraulic conductivity and porosity of the 
I 
\ 
( 
facies identified. Preliminary modelling work has emphasised the role of sedimentology on dam 
stability, in particular the height in deposit of the interface between the Carapace facies and Body 
facies has been identified as crucial. 
i 
The morphological interpretations presented will also be computer modelled to allow assessment 
ofdam morphology and distribution ofmass on stability; in combination with the fascist approach. 
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The mechanisms of failure, be it seepage, downstream face landslicling or overtopping breach 
development can be physically modelled for the morphologies and sedimentologies presented. At 
present this work is due to be carried out as part of a MSc by research course, student to be 
announced, at Canterbury University, New Zealand under the supervision ofDr. Tim Davies. 
11.2 Future work with additional data collection 
Field study carried out in Bhutan during October 2004 has emphasised the importance of the 
internal sedimentology on the future aggradation pattern downstream of rock-avalanche dam 
failure. In particular the facies approach shows the abundance of fines in rock-avalanche deposits, 
capable of being transported far further in a drainage network than the coarse content and altering 
the nature of the flood in terms of sediment concentration and erosive power. Work at present is 
focusing the nature of outburst floods of rock avalanches with the sedimentological nature 
contained in this thesis. 
Further work is required to better constrain the morphological variation m valley confmed 
deposits, this will refine the predictive plots generated and validate there use in varied lithological 
environments. 
r 
I 
~ 
In terms of the grain-size distribution work, further deposits will allow better evaluation of the 
factors that vary the sedimentology. Based on this thesis variables such as distance along flow, 
l across flow and height in deposit need to be better constrained as and when suitable sections in 
I, 
I deposits become available. The Basal facies needs more detailed investigation to try and understand the rates and levels of entrainment 
i
, 
I Detailed investigation of source regions should allow a better understanding of the relationship of 
I final deposit stratigraphy to initial bedrock in terms of geotechnical properties, thickness and structure. 
, 
I 
\ 
I 
{ 
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This research has concentrated on valley confined deposits only; futme work should test the 
applicability of the relationships and sedimentology to unconfmed rock-avalanche deposits. 
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Grain size histograms for all sampled rock-avalanche deposits. 
Raw sieve data for all sampled rock-avalanche deposits (CD-ROM enclosed) 
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Appendix B 
Laser diffraction method (LDM) plots as GSD output: example of sample Ve 
in the three specified conditions. 
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Flims sample Vel added as a paste made with Calgon solution into sample cell containing 1% 
Calgon. 
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Flims sample Vel added as a paste made with Calgon solution, added to sample cell of distilled 
water. 
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Flims sample Ve1 added as powder into sample cell of distilled water 
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Appendix C 

Formulae and descriptive terminology used in GRADISTAT (Blott and Pye, 
2001). 
Descriptive statistics for sampled deposits (CD-ROM enclosed). 
I 
I 
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Table 1. Statistical formulae used in the calculation ofgrain size parameters. 
f is the frequency in percent; m is the mid-point of each class interval in metric (mm) or 
phi (ml/J) units; Px and ¢x are grain diameters, in metric or phi units respectively, at the 
cumulative percentile value ofx. 
(a) Arithmetic Method of Moments 
Mean Standard Deviation Skewness Kurtosis 
a = 
a 
(b) Geometric Method of Moments 
Mean Standard Deviation Skewness Kurtosis 
_ "Eflnmm 
Xg =exp 100 
Sorting(O'g) Skewness (SkJ 
Very well sorted < 127 Very fine skewed <-1.30 
Well sorted 1.27 - 1.41 Fine skewed '1.30- -Q.43 
Moderately well sorted 1.41 - 1.62 Symmetrical -0.43 - +0.43 
Moderately sorted 1.62 -2.00 Coarse skewed +0.43 - +1.30 
Poorly sorted 2.00-4.00 Very coarse skewed > +\.30 
Very poorly sorted 4.00 - 16.00 
Extremely poorly sorted > 16.00 
(c) Logarithmic Method of Moments 
Mean Standard Deviation Skewness 
a = ~ 
Skewness (Sk~ 
Very well sorted < 0.35 Very fine skewed > +\30 
Well sorted 0.35 -0.50 Fine skewed +0.43 - +1.30 
Moderately well sorted 0.50-0.70 Symmetrical '0.43 - +0.43 
Moderately sorted 0.70 -1.00 Coarse skewed -0.43 - -1.30 
Poorly sorted l.00 -2.00 Very coarse skewed < -1.30 
Very poorly sorted 2.00 -4.00 
Extremely poorly sorted >4.00 
Kurtosis (Kg) 
Very platykurtic < 1.70 
Piatykurtic 1.70 -2.55 
Mesokurtic 2.55 -3.70 
Leptokurtic 3.70 -7.40 
Very ieptokurtic > 7.40 
Kurtosis 
K = 'Lf(m¢ _X¢)4 
¢ 1000'/ 
Kurtosis (K# 
Very platykurtic < 1.70 
P iatykurtic 1.70 - 2.55 
Mesokurtic 2.55 - 3.70 
Leptokurtic 3.70-7.40 
Very leptokurtic > 7.40 
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(d) Logarithmic (Original) Folk and Ward (1957) Graphical Measures 
Mean Standard Deviation Skewness Kurtosis 
t 
( 
(j = ¢84 - ¢..6 + ¢9S - (A Ski = ¢16 +¢84 - 2¢so 
I 4 6.6 2(¢S4 -¢16) 
+ ¢s +¢9S - 2¢so 
2(¢9S -¢s)
I Kurtosis (KG)Sorting (Oi) 
I Very well sortoo < 0.35 Very fine skewed +0.3 to +1.0 Very platykurtic <0.67 Well sorted 0.35 - 0.50 Fine skewed +0.1 to +0.3 Platykurtic 0.67 -0.90 Moderately well sorted 0.50 - 0.70 Symmetrical +0.1 to "0.1 Mesokurtic 0.90-1.11 Mcx.ierately sorted 0.70 - 1.00 Coarse skewed "0.1 to "0.3 Leptokurtic 1.11 -1.50! Poorly sorted 1.00 -2.00 Very coarse skewed -0.3 to -1.0 Very leptokurtic 1.50-3.00 Very poorly sorted 2.00-4.00 Extremely >3.00( Extremely poorly sortoo >4.00 leptokurtic 
t 
(e) Geometric Folk and Ward (1957) Graphical Measures 
Mean Standard Deviation 
Ske\\'lless Kurtosis 
1 
i Sorting (Ci"G) Skewness (SkG) Kurtosis (KG) j 
Very well sortoo < 1.27 Veryrme skewed "0.3 to "1.0 Very platykurtic <0.67 
Well sorted 1.27 - IAI Fine skewed -0.1 to -0.3 PIatykurtic 0.67-0.90t Moderately well sorted 1.41 - 1.62 Symmetrical -0.1 to +0.1 Mesokurtic 0.90 - 1.11 
Moderately sortoo 1.62 -2.00 Coarse skewed +0.1 to +0.3 Leptokurtic 1.11- 1.50 
1 
I Poorly sorted 2.00-4.00 Very coarse skewed +0.3 to +1.0 Very leptokurtic 1.50-3.00 
Very poorly sorted 4.00 -16.00 Extremely > 3.00 
Extremely poorly sorted > 16.00 leptokurtic 
, 
" I 1 
1 
! 
I 
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Table 2. 	 Size scale adopted in the GRADISTAT program, modifiedfrom Udden 
(1914) and Wentworth (1922). 
Grain Size Descriptive term 
phi mm 
Very Large 
-10 1024 
Large 
I 
\ 
-9 512 
Medium Boulder 
-8 256 
Small 
-7 128 
Very small 
-6 64I Very coarse 
1 
I 
f 
I 
-5 32 I Coarse 
-4 16 
Medium Gravel 
: 
-3 8 ~ Fine { 
-2 4{ Very fine 
j -1 2 Very coarsei 0 microns CoarseI j 
I 
500 
Medium Sand 
2 250 
Fine 
3 125 
Very fine 
4 63 
Very coarse 
5 31 
Coarse 
6 16 
Medium Silt 
7 8 
Fine 
8 4 
Very fine 
. 9 	 21 Clay 
I 

I 
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AppendixD 
Flims rock-avalanche deposit sample sites. 
f 
( 
? 
I 
, 
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Station Valendas-Sagogn - Samples VI - VIS 
Introduction 
To the east of Station Valendas-Sagogn is approximately 500m of continuous rock avalanche 
exposme, ranging from 680-800m in altitude. Much of the exposure is verticaVsub-vertical with 
overhanging sections. Beneath these 100m cliffs lie large amounts of talus behind timber and 
metal defence barriers. At the north-east end of the exposme the surface is much shallower, with 
the lower section engineered into a series of steps that funnel debris and snowmelt to an arch 
beneath the train line into the River Rhine. This lower part of the exposure either side of the 
engineered steps up to 696m is weathered and patchily vegetated with grass and scrub in a thin 
poorly developed soil. Above this section the exposure steepens significantly as a concave slope 
from a 35-45° base to sub-vertical top at -800m. Into this steep exposure two streams have eroded 
r gullies that meet at 696m and diverge back up slope at -30-40°. Within these gullies it was 
deemed safe to sample up to 756m, above this the exposure is too steep. The top of the exposme is 
accessible but on inspection appears heavily biologically weathered and the internal structure is 
heavily disrupted as the smface above supports mature trees. 
Sampled Exposure - preserved banding facies 
The exposme is sub-horizontally banded on a scale of I-28m, the bands are distinguished 
primarily by colom as either dark-greylblack or light-grey/white. Primary observation and graphic 
logs show that the dark bands are thicker than the light bands. The dark bands consist dominantly 
of fines with sparse light and dark colomed coarse clasts in a dark matrix, whilst the light bands 
consist of many light coloured coarse blocks within a finer dark matrix. As the presence of the 
lighter colomed clasts defines the bands whilst the matrix appears superficially homogenous it 
follows that the contact between bands is very unclear. The boundaries were taken to be the line 
that the lighter clasts didn't appear to cross. This method works wen and the boundaries appear 
sharp with no zone of diffusion or transition from light clast band to purely dark band. Within 
bands, all clasts regardless of scale are highly angular with 3d jigsaw texture often well developed 
with highly fract1.Ued but relatively undisaggregated clasts. Field observation of the thicker bands 
1 
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(all dark)(size?) show that inverse grading is present with the gradin taki I
' g ng p ace gradually and 
smoothly over the entire band height. Grading or other internal structure was absent from all 
thinner bands irrespective of band type. A small number of thin «2em) calcite veins run parallel 
to the bands mainly v' 'bl . cia k b . 
, lSI e m rands. The vems are pervasively fractured but relatively 
undisaggregated and can be followed for up to a metre at a time. 
II Bord - Samples ILl - IL5 
I Introduction II Bord is a roadside cliff face exposure on the northern side of the road between FErns and Trin ( 
Mulin. The cliff is broadly orientated south, but is semicircular with increasing curvature at thel margins. The cliff is near vertical and only accessible at the base at around 970 m a.s.!. with the, 
cliff top supporting mature coniferous forest. 
t, 
( Sampled exposure - fractured facies j The exposure displays complex structure in a light grey limestone separated by dark greylblack 
t bands that are orientated east-west across the face of the cliff. The boundaries between the bands 
are sharp though undulate at many scales from centimetres to metres.f
. 
The dark bands are very fme in appearance and contain a range of clast sizes from -30 mm to <1 j 
mm with no clast size appearing dominant. The clasts and matrix are an dark greylblack, highly 
\ fragmented, highly angular and show a random fabric; 3-d jigsaw texture is not evident. The 10 emI 
thick dark band that runs along the base of the cliff and shows an apparent dip west of -15" was 
, 
sampled in the middle (vertically) as IL2. All other dark band material appeared to be representedj 
by this band as all bands upon observation were of similar thickness and internal structure. 
f 
The light grey regions show far more in terms of structure, and on initial observation resembleI 
I intact, but heavily jointed limestone like that observed at the source region several kilometres 
1 away. Open, joint like structures are orientated ~136/58W with the spacing between these fractures 
I being 5 - 10 cm. There was variation in the orientation of these joint like structures with the dip 
varying from 30 - 80W and a minority (observed 2 -3 times) 50 - 70E. There was no observed 
pattern in this change of orientation, distinct zones of orientation of structure like that observed at 
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the Versam locality (see section 13) was not present. Differences in orientation occurred randomly 
and often changed within a single joint delineated band. The bottom section of cliff, below the 
dark sampled band was accessible and sampled as ILl, IL3 - IL5. An important observation was 
made on the eastern limit of the exposure as limestone with lamination was discovered. The 
lamination in the 20 em clast was not concordant with the orientation of the fracture defined band 
it was contained in nor the orientation of the dark bands. The laminations dip eastwards - 54° is, 
at around 90° to the joint features. The dip of the source region is 10 - 12° and so the clast has 
undergone rotation within its fracture defmed zone. 
Station Versam.-Safien - Samples Vel - Vel3 
I 
1 
I Introduction 
The exposure to the west of Station Versam-Safien is the most extensive locality sampled and the 
most structurally complex. The exposure runs broadly east-west for almost 500m as continuous 
south facing cliff faces, sloping verticaVsub-vertical in the east and around 30-40° at the western 
1 
;) 
" 
end. The base of the exposure runs at 670m with the top averaging at around 820m, this over a 
maximum distance of 250m north-south. Large amounts of the exposure have been eroded, in the 
vertical areas this often shows as a sheet of fines deposited on the cliff surface as water passes 
over, or as very steep, tight gullies. At the western end of the exposure the erosion pattern changes 
and shows as shallow gullies 5-30m wide at the base of the exposure filled with talus and tree 
debris. 
Sampled Exposure 
The exposure can be broadly split into three facies running from east to west: 
1. Complex faulted facies. 
2. Structureless facies. 
3. Preserved banding facies. 
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Facies 1: Complex faulted facies 
Facies 1 runs for approximately 100m from the eastern end of the exposure as a -20-40+ m 
vertical to sub-vertical cliff face. The western part of the facies is modified by deposition of fines 
over the cliff face, concealing most of the internal structure. The eastern 30-40 m however shows 
well-developed structure and lithological zoning. Based on field observations the exposure has 
been split into a number of zones shown on defined either by a distinct change in lithology or 
structure. A number of fault like structures have also been identified with the location constrained 
with either displacement of a 
structure(s). 
marker horizon, or a sharp change in orientation of internal 
I, 
1 
1 
I, 
i 
J 
Zone 1 
Zone 1 consists of a series of thin dark bands of highly fragmented dark coloured limestone. The 
dark bands range in thickness from 1-3 cm and are irregularly spaced with a range from 50 cm ­ 1 
m. The bands are defmed by highly fragmented «1 cm) clasts with little variation in size with a 
sharp boundary at the band edges. A fabric is observed within the bands with the clasts elongate in 
the direction of the bands. Measurements taken of the orientation of clasts in these bands obtain 
results of 028/32E, 024/28E and 024/22E though the bands do appear to steepen upwards toward 
the west. 
The material between the fine bands is fragmented limestone much lighter in colour (med grey) 
and coarser in appearance. The bands are highly fragmented into blocks 2 - 20 cm that are 
elongate parallel to the edges of the bands. The individual clasts have little to no matrix between 
them and on first inspection the bands appear as intact jointed limestone. However, when touched 
by hand the bands disintegrate to a fine powder containing clasts no larger than 10 cm. 
Zones 2,4,5,6,7,8 and 9 
The limestone making up the seven zones appears on observation to be identical to the coarser 
medium grey bands contained in Zone 1. The zones all vary from one another in the orientation of 
the fabric created by the direction of clast elongation. In all of the zones the fabric dips westward 
at angles of 25 - 50·, in the case of Zone 4 the fabric has been measured as 020/34W and 024/26W 
showing that there is variation within a zone. The zones are mainly bounded by fault structures, 
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some that have displaced a thin (2 - 5 cm) highly fragmented calcite vein. In each case the calcite 
band has been dropped (extensional) with a dextral sense ofmotion. 
Zone 2 is accessible from the base of the cliff and has been sampled as Ve2. 
Zone 3 
Zone 3 is a light coloured band of highly fragmented limestone 1.5 - 2.5 m thick. The zone has a 
sharp but undulating top and bottom boundary with zones 1,2 and 6. The zone consists of highly 
! 
i 
I fragmented angular clasts in a matrix of rock flour, clasts reach up to 4 cm across whilst much of 
the matrix appears sand grade. A very weak fabric can be observed parallel to the band margins 
I but the main structure is of 3-d jigsaw texture. Zone 3 was sampled as Vel with the sample taken 
i 
from the middle of the band both laterally and vertically.t 
1 	 Zones 10, 11, 12, 13, 14 
! 
;
, 	 These zones are at the top of the cliff face and very little information could be gained on their 
internal structure other than colour and presence/absence of visible clasts. 
Faults FI, F2, F3 and F4 
The faults have been named in terms of relative age of formation inferred from cross cutting 
relationships. The faults have been identified from displacement of marker horizons, and through 
changes in fabric orientations. Relative displacement could be observed and estimated for fault F2 
from the separation of a calcite vein as -1.3 m There is no observational evidence to constrain 
timing of these faults as syn-sedimentary or post-sedimentary as there are no other post-rock 
avalanche lithologies present. 
Facies 2: Structureless facies 
Facies 2 begins approximately 100m west from the eastern termination of the exposure. The 
deposit becomes coarser and incised by many gullies of varying sizes leaving a series of peaks and 
ridges in the deposit. The exposure is no longer a single cliff face but appears as a series of cliff 
faces receding out of view. The cliff faces at the eastern end of this facies show little structure and 
are heavily water marked with a layer offmes washed over the surface that have cemented. A clear 
preserved band of clasts ranging from < 1 em - 10 cm is visible at the top of the western most cliff 
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face. This band is 10m thick and is the only evidence at this point of preserved stratigraphy, 
observations from the base of the cliff showed that this band was not affected by a wash of fines 
but no other detail could be recorded. It is from this point west that the exposure becomes 
noticeably coarser and crude preserved stratigraphy can be recognised. 
The lowest cliff face visible, although eroded by gullies seems to preserve the internal structure of 
the rock avalanche. The facies is far coarser than Facies 1 based on outcrop level observations. 
Boulders reach 10m across although this is rare, most are between 20 and 90 em. Boulders are 
contained within a matrix containing clasts sizes ranging from < 1 rom- 15 cm and it is noted that 
large boulders and centimetre sized are not in contact with each other and are always separated by 
matrix. A crude form of preserved stratigraphy is visible in the form of five bands running sub-
horizontally and dipping south gently. The banding consists ofthree light grey thick (7 m) and two 
darker grey thin (3 - 5 m) bands. The bands are defined by the colour change of boulder, clast and 
matrix only and the band boundaries are indistinct on close examination. The lowest light coloured 
band has been sampled as samples Ve3, Ve4, and YeS. Each sample was taken from the bottom of 
ridges bounded by tight gullies. 
Facies 3: Preserved banding facies 
The western end of the Versam exposure consists of 70 - 90 m of steeply inclined rock avalanche 
material. The bottom of the exposure is covered by talus material that supports grass and obscures 
the in-situ rock avalanche material. The top of the visible exposure at ~ 690 m supports mature 
coniferous forest that has biologically altered the exposure directly below. For this reason no 
further observations were made on the top few metres of the section. However the main body of 
the section shows preserved stratification in the form of alternating dark and light coloured sub-
horizontal bands 50 cm - 3 m thick. The bands are defmed by their colour that is given by the 
presence of either light grey/white limestone clasts or dark grey limestone clasts surrounded by a 
similar matrix. The light bands appear coarser than dark bands with the sparse, well spaced, 
boulders present reaching up to 50 cm across. In the main, clast sizes in the light bands are 
millimetric to centimetric, highly angular, fragmented limestone that often produce 3-d jigsaw 
texture. The dark bands appear fmer based on outcrop observation, with the clast ranging from 
millimetres to several centimetres at most. The clasts are again highly fragmented and angular with 
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3-d jigsaw texture present at a range of scales. The b01mdary between band types is sharp on 
distance observations, but indistinct on closer examination but no evidence of erosive contacts or 
grading could be observed. The one exception to the dark/light stratigraphy was discovered 
between two dark bands in a tight gully sampled as VeS - Ve 13 and was named 'pink'. This pink 
band was sampled as Vel 0 and is identical in description to the light bands at the exposure, the 
,
I 	 difference is that the coarser clasts (>1cm) show a definite pink tinge when the matrix was cleaned 
away (photograph needed). 
!. 
I 
, 
Cliff Path - Samples CPt - CP2l 
I 
I 
l 	 Introductionf 
1 	 Above the west bank of the Ual da Mulin O.Skm north from Sagogn, a cliff path follows close to 
the 900m contour, running north north-west - south south-east in the section of interest. At this 
f 
point the path is -160m above the Ual da Mulin which is itself eroded through rock avalanche 
material. Either side of the path is heavily vegetated with grasses, bushes and mature forest that 
obscures most exposure and has biologically weathered many leaving them unsuitable for sieve 
analyses. 
Sampled exposure 
At the southern end of this path section, directly east of 943m spot height is a very small exposure 
that is intact and displaying original rock avalanche fabric. The exposure runs north-south for 10­
15m and at its maximum is 2-3m high. Most of the exposure slopes at 30-40° with two small 
regions sub-vertical that stand as pillars. Much of the locality is weathered and eroded, at its base 
and on the gently sloping surfaces it is able to support grass and small bushes. The regions that are 
sub-vertical are unvegetated and seem to show original rock avalanche fabric. Classic 3d jigsaw 
texture is prevalent with fractured but relatively undisaggregated, very angular clasts, with the 
exposure being clast supported. The maximum observed clast size is around 35cm but the majority 
is 4-6cm and finer. In addition to this there is a shape fabric with the southern pillar of material 
showing banding running sub-horizontally and the northern pillar measured dipping at -40° south. 
These bands are made up of trains of fractured clasts, as if it is fracture of the original beds with 
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little or no mixing with bands above or below. No change of lithology or dominant clast size is 
visible over these undulating bands ranging form 2-10cm in thickness. The largest clast observed 
(35cm long axis) found in the northern pillar, has sub-horizontal lamination visible, not parallel to 
the banding. This clast is pervasively fractured but the lamination is continuous due to the close 
proximity of fractured regions. 
Foppa - Samples Fl - F4 
\ 
~ Introduction 
I 	 Foppa ski-lift station is situated at 1424 m, approximately 1.5 km north-west of Flims. An access 
I 	 road loops east around the station and a walking track passes to the west giving good views into 
the Vaul Steiner and Vaul Runcs valleys. Less than a 100 m south of Foppa ski-station the access 
1 road cuts into the slope at 1400 m leaving an east - west, south facing, semi-circular exposure 20 
1 
m across and < 5 m high. 
Sampled exposure 
The exposure at Foppa can be divided into two facies: 
1. Intact facies 
2. Structureless facies 
The divide between the two facies is a vertical 1 - 2 m wide zone of water damage running from 
the top of the exposure. The water damage shows as a deposition of fme eroded material onto the 
face that obscures the original structure. 
Facies 1: Intact limestone 
East of the water damaged central zone is 7 - 8 m of near vertical exposure that is 3 m high at 
maximum and decreases to < 1 m at the eastern edge, where the exposure curves south and meets 
the road cut. The facies appears to be part of an intact slab of light grey limestone, very similar to 
that observed at the source of the rock avalanche, the Flimmserstein. The block contains bedding 
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at 2 - 10 cm scale with a gentle dip southwards, a bed was measured with the orientation 058/228 
and is taken to be representative as no variations were observed at the outcrop. One set of joints 
cut the beds with spacing ranging from 10 - 20 cm, a joint plane was measured as 322/84SW and 
was taken to be representative of the facies. On closer examination the block maintained its 
original strength and could be struck with a geological hammer before breaking. For this reason no 
attempt at sampling was undertaken as sampling would have been destructive and 
unrepresentative. 
I 
~ Facies 2: Structureless 
West of the water damaged zone is 7 - 8 m of structureless exposure ranging from 3.5 - < 1 m in I 
height with the minimum being at the far west edge as the exposure curves south and meets the 
road. The slope of this facies is less, around 50 - 60° with the top becoming vegetated by grasses. 
The facies is characterised by light grey limestone clasts, with a maximum size of 10 - 12 cm 
across that are all highly angular and surrounded by a matrix of finer material of the same origin. 
The clasts are matrix supported with no dominant clast size observable. The only structure 
observed is that same size clasts usually do not appear close together unless obviously from one 
larger clast and so displaying 3-d fabric but this is rare. Four samples (FI - F4) were taken from 
this facies at the same height (1400 m) but different distances along the exposure. 
Valendas Bridge - Samples VBl - VB6 
Introduction 
The road from Valendas and Sagogn to Salurns crosses the Ual da Mulin as it flows southward 
into the River Rhine. To the south of this bridge the road turns east and is protected on its south 
side by a small timber and steel post defence barrier from falling rocks. This barrier holds back 
large amounts of scree and numerous boulders that have fallen from a -10 - 15 m high steely 
inclined exposure of rock avalanche debris above. The exposure is topped and flanked by dense, 
mature coniferous forest with abundant surface boulders. 
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Sampled exposure - structureless facies 
The top 2 - 3 m of the exposure is heavily broken up by the roots of trees above and was also 
undergoing significant erosion, evident from the fallen material and undermined blocks visible. No 
samples were taken from this region and observations were deemed unreliable because of the 
damage to the original structure. Below this damaged area there was well preserved rock 
avalanche debris consisting of clasts 30 - < 1 cm in size with rare boulders up to 2 m across. The 
boulders were confined to the upper section of the exposure and were far apart with no difference 
1 in structure or clast size range around them. All clasts were highly angular, light grey limestone 
I surrounded by a matrix support of the same material. 3-d jigsaw puzzle texture is evident but not 
prevalent, very low percentages display the texture, in the main the exposure is structureless andI 
lacks any banding or preserved stratigraphy. Samples were taken at the sides of two gullies that 
1 run on the west and east of the exposure, three (VB 1 - VB 3) from the west gully and three more 
.' (VB4 - VB6) from the east gully. The samples are all within 8 m vertically and 10 m horizontally 
of each other, a narrow zone that should highlight any presence ofunobserved banding. 
Sagogn Turn - Samples STI - ST4 
Introduction 
The main road from Laax to Schluein has a junction for Sagogn at 942 m a.s.l., around 130 m 
above the village of Sagogn and 450 m away from it. On the northern side of this junction is a 
south facing, 20 m high cliff face of rock avalanche debris. The face has probably been used for 
gravel extraction for road metalling, as there are a number ofgravel piles near the roadside. 
Sampled exposure - structureless facies 
The exposure shows no structure or preserved stratigraphy other than the presence of a number of 
white coloured boulders at a similar height across the exposure. A matrix that is far darker in 
colour surrounds these boulders, no further observations could be made due to the height in the 
cliff face of the band. The bulk of the exposure is made up from highly angular clasts, 40 cm - < 
1 em (larger clasts rare though) with little or no 3-d jigsaw texture visible. The clasts are a mixture 
of light and darker grey limestone, with little variation in size between the different colours other 
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than that the largest clasts are usually light coloured. All samples taken were from a similar height 
~942 m but different locations along the exposure at the base of the cliff. Lnfowu.nately 00 
photographs of the locality survived the fieldwork. 
Diagrams of the observed facies follow: 
, 
t, 
I 
I 
\ 
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Figure A Valendas Station sample site showing preserved banding facies. 
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Figure B Interpretive diagram of the fractured facies at II Bord sample site with sample locations 
and GSD . Major arrow on compass oriented towards the source region. 
Figure C II Bord sample site covering right of fi gure above. 
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Figure D Eastern limit of Versam sample locality showing complex faulted facies, sample 
locations and GSD. Major arrow on compass orientated to source region. 
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Figure E Middle of Versamm sample locality showing preserved banding facies, sample locations 
and GSD. Major arrow on compass orientated to source region. 
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Figure F Western exposure of Versam sample locality showing preserved banding facies, sample 
locations and GSD. Major arrow on compass orientated to source region. 
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Figure G Far westem side of Versam sample locality showing preserved banding facies, sample 
locations and GSD. Major arrow on compass orientated to source region. 
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Figure H Cliff path sample loca lity showing presen1ed banding facies , sample locations and GSD. 
Major arrow on compass orientated to source region. 
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Figure I Valendas Bridge sample locality showing slructurelessfacies, sample locations and GSD. 
Major arrow on compass orientated to source region. 
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Appendix E 
Acheron rock-avalanche deposit sample sites. 
Acheron rock-avalanche deposit dammed alluvium. 
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13 Acheron rock avalanche 
Preliminary method sampling 
Locality 1 GR: 0172-6430, samples Ac1-Ac20 
The location of the exposure is marked on a topographic map and aerial photograph. The locality 
is on the west bank of a stream and is steeply sloping from 30° to almost vertical in places. Above 
the locality at the southern half is a patch of rock avalanche debris covered by vegetation and 
bounded to the east by the western lower alluvial dam. The northern half of the exposure appears 
clear from debris and may represent the stream that the 1998 topographic map shows to flow close 
to the exposure. The southern half of this exposure, beneath the surface debris shows up to one 
metre of the interior of the rock avalanche and its contact with material beneath. This section can 
be followed for almost 50 m in a curving broadly north-south orientation. The exposure consists of 
highly angular grey sandstone clasts ranging from millimetric to 10 em longest axes surrounded by 
a grey matrix of very fine material. The clasts are matrix supported, but almost clast supported in 
places and show classic 3d jigsaw puzzle texture with highly fractured but undissaggregated clasts. 
At one location a large 1 m boulder is present that appears highly fragmented and is of mixed 
argillite and greywacke lithology. Around this boulder there appears to be a location fabric as dark 
fine fragments wrap around the boulder. This may represent fractured but undissaggregated 
material from the boulder, or a flow texture around it. The contact of the rock avalanche with the 
material below is undulating but very sharp with no zones of the lower material incorporated into 
the rock avalanche. In once place however a small zone ofrock avalanche protrudes in a spike like 
J' 
J,I'
,! 
shape into the material below, but this is the exception rather than the rule and even this only 
extends down a few centimetres. Broadly speaking the exposure thickens towards the south to 
almost 1.5 m but becomes more vegetated as the slope angler also eases. The northern termination 
of the rock avalanche exposure coincides with the end of the patch of rock avalanche boulder 
debris above. Here the horizon buried beneath the rock avalanche comes to the surface under scrub 
and tussock vegetation with boulders absent, and is identified as a soil horizon. This soil horizon is 
yellow brown in colour and was highly dried and desiccated during fieldwork with small mosses 
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growing outwards from it. The horizon is quite uniform in thickness, never exceeding 50-75 cm 
and parallel with the valley surface - slightly sub-horizontal. Below this soil horizon, down to the 
bottom of the river cutting consists of reddish to grey, horizontally bedded material. Clasts are 
estimated to be 90% greywacke and 10% argillite and range in size from millimetric to 2-5 em 
across. Beds are recognised from differences in grain size and differences in clast/matrix support. 
Bed boundaries are sharp, straight and appear almost parallel with the soil horizon above. Burrows 
(1975), identified the zone to be alluvial gravels underlying a buried forest horizon and field 
observations here seem to agree. Twenty samples were taken from this exposure in at intervals of 
height and horizontal distance and returned to the laboratory for sieve analysis. 
Locality 2 GR: 0172-6439, samples Ac2.1-Ac2.3 
The location of this locality is marked on a topographic map and aerial photograph with deposit 
margins marked. The location shows the same features as locality one but in a steeper and better-
preserved exposure. The exposure is broadly northeast - southwest in orientation and on the west 
bank of the stream incised through the rock avalanche and horizons beneath. The exposure is sub-
vertical and almost 10 m high above the streambed, topped by heavily vegetated debris. The 
bottom most 10m of the exposure is heavily gullied, alluvial bedded gravels, here on the north­
east end seeming to show some cross bedding structure. Above this is the yellowish brown buried 
soil horizon, near the south-west end there is a log around 15 em in diameter protruding outwards 
from just above this soil. The 4-5 m of material above the buried soil is rock avalanche interior of 
identical composition to locality 1, topped by another yellow brown soil around 30 em deep and 
less. Here however, as almost five times the depth of rock avalanche is exposed, more internal 
structure is revealed. The most striking feature is the train of whitellight grey sandstone clasts up 
to 20 cm across that runs sub-parallel to the surface at a depth ofaround 2.5 m at the south-western 
end. As this train is followed to the north-east it becomes smaller light clasts floating in a very 
dark matrix just above the contact with the buried soil, 3d jigsaw texture is clear in this lithological 
train. Above this train is a band of light sandstone clasts floating in a matrix of light coloured 
material, this band extends to the soil horizon just below the surface and seems to coarsen 
upwards. 
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14 Rock avalanche dams' and river action 

Q 
As briefly described above, the rock avalanche deposit darns minor valleys along its margins in 
three places, two against the western margin and one against the eastern. Although noy within the 
sedimentological scope of the study a brief description is useful for the geomorphological context 
of the deposit and its effect on the surrounding region. 
Lower western rock avalanche dam GR: 017-642 
The dam at ~840 m altitude has created an accumulation of alluvium that extends up a small valley 
leading up to peak 1001 m on the northern banks of a small stream in a triangular wedge shape. 
The dammed material is identified from a sharp break of slope steepening up onto the alluvium 
and the absence of rock avalanche debris. One location at the southeast comer of the alluvium dam 
contact, rock avalanche debris is clearly visible through vegetation and terminates against the 
break of slope. Burrows (1975) supports the identification of this wedge of material as dammed 
alluvium. 
Upper western rock avalanche dam GR: 013-645 
The dam at ~900m altitude creates an accumulation of alluvium that extends in a triangle wedge 
up a small valley running south-west - north-east. The dammed alluvium is at its widest where it 
meets the rock avalanche deposit dam, reaching ~150 m across. The dammed alluvium margin is 
recognised from a steepening up from the flatter valley floor that is just a few metres wide before 
the rock avalanche western margin begins to slope upwards at a much steeper angle. This small, 
flat section of valley floor is also filled with alluvium that appears much more recent and is 
possibly part of a gully system marked on the 1:50000 topographic map (1998). From the maps 
and aerial photographs it appears that the east end of the dammed material and preserved west 
margin of the rock avalanche that forms the dam have been affected little by erosion from the 
streams as they do not flow along the front of the dammed material, but instead along the side. 
It is this valley that contains the trace of the extension from the Porters Pass Fault. The fault 
appears to run along the southern side of the dammed alluvium, close to path of the stream shown 
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on the topographic map of 1998. The fault trace diverges around 1 Ian up valley to the west, one 
trace runs downstream along Coleridge Stream and the other upstream towards the source of 
Coleridge Stream. 
Upper east rock avalanche dam GR: 017-649 
The upper east rock avalanche dam creates the largest sediment accumulation and is the most 
complex of the three, it lies northwest of the upper west dam and in the matching valley containing 
the Porter Pass Fault trace. Again the trace runs northeast - southwest along the valley, then after 1 
km it veers east along a small stream in the pass between 1170 m and Mt. Lyndon passing directly 
beneath a house/fishing lodge. The danuned alluvium has been heavily eroded by stream action 
and differs from the material depicted by Burrows (1975). Burrows (1975, Fig.?? pp.??) shows a 
stream running through the debris and joining the main stream flowing southwest, still contained 
on / in rock-avalanche debris. On the 1998 topographic map this stream is depicted flowing around 
the base of 1244 m and disappearing into the ground, it does not flow further through the debris 
than the gravel fan, and the eastern limit of the deposit beneath the trim line at GR: 015-649. From 
field observation and study of stereo aerial photographs it appears that this stream, prior to 
changing course and disappearing into the ground may have eroded into the danuned alluvium and 
joined the main south-west flowing stream within the area covered by the alluvium. This would 
explain the missing dammed material that was mapped by Burrows (1975), and the strange shape 
of the dam margin. The southwest flowing stream has also eroded the dammed material 
particularly on its eastern bank close to where Burrows (1975) marked the debris entrenched 
stream meeting it at GR: 017-647. Here the ground is several metres lower than the rock avalanche 
margin and the danuned alluvium on the north of the stream The vegetation is marsh grass / 
Juncas and the ground is heavily waterlogged though little surface water is present. Much of this 
area seems to consist of recent alluvium, along with isolated patches of rock avalanche debris with 
1 - 2 m relief. Where the contact of the dammed material and rock avalanche deposit is visible, the 
alluvium onlaps onto the rock avalanche dam margin, reaching to just below the height of the rock 
avalanche surface. A clear break of slope and vegetation is visible at the contact, the rock 
avalanche deposit steepens up from the danuned material. 
I 
I 
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AppendixF 
Falling Mountain rock-avalanche deposit sample sites. 
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15 Falling Mountain rock avalanche 
Preliminary method sampling 
Location 1: GR 0270-1394 - Samples Fm! and Fmla 
Location 1 lies around 2.4 kID down flow from the source of the rock avalanche. The site is in the 
west bank of the stream flowing along the eastern margin of the deposit, very close to the 
confluence of the two streams that flow along the margins of the lower unit of the down valley 
flow. The exposure is around 5 m high with many boulders up to 1 m in diameter at its foot that 
have fallen from the coarse surface of debris above. The surface of the debris itself is a coarse 
openwork of boulders and cobble sized highly angular fractured clasts. The surface is very poorly 
vegetated with scrub and grasses. Below this thin surface layer of 50 cm - 1 m the debris is 
structureless, highly fragmented greywacke, with maximum clast size around 10 - 15 cm but most 
of the material is much fmer. Sandstone clasts all appear to be bedded and fine-med grained. The 
exposure is supported by a matrix consisting of finer (sub nun) greywacke sandstone. Samples 
were taken from 2 m below surface and 4 m below surface. The foot of the exposure shows no 
basal structures and digging reveals sedimentology the same as in the exposure above showing that 
the exposure is not basal. 
Location 2: GR 0263-1390 - Sample Fm2 
Location 2 is 2.2 km down flow in the same stream cutting as Location 1. The surface consists of 
the same openwork of cobbles and boulders as location }, although a few immature trees are 
growing on the surface. Surface relief reaches no more than a couple of metres in a series of 
mounds and slight depressions. The locality itself lies beneath a mound that exceeds 5 Ill, one of 
the few that consists mainly of argillite debris. The sample was taken from 2 m below the surface, 
below the thin, coarse surface layer. The interior is mid-grey in colour, defined by the matrix with 
clasts up to IOxl Ox} 0 em of laminated and fractured but undisaggregated argillite showing a much 
darker colour. 
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Location 3: GR 0259-1385 - Sample Fm3 
Location 3 is approximately 100 m upstream from location 2, also around 2.2 Ian downflow from 
the source. The surface of the debris is significantly mounded at metric scale and is poorly 
vegetated with grasses and scrub in patches. The interior section is very steep, sloping up to 60° 
and has loose material lying at its base. The section shows very clearly defmed lithological 
banding of fine-medium, grained sandstone clasts, and very dark argillite clasts. The bands are 
sub-parallel to the surface with significant \llldulations. The sandstone is matrix supported and 
clasts reach 10x5x5 cm in size. Clasts are pervasively fractured and remain close to their original 
positions- 3d jigsaw texture is very well developed in the exposure. The contact against the 
argillite lithological zone is very sharp with little evidence of mixing at the bO\llldary. The argillite 
appears clast supported (clasts millimetric to centimetric) and extremely fractured and compacted, 
•i there appears to be less matrix material. A sample was taken 5 m below the rock avalanche surface 
I in the sandstone band, it was deemed impossible to gain a good sample of argillite and transport it 
without fully dissaggregating and further fracturing the brittle clasts without field sieving. 
Location 4: GR 0253-1380 - Sample Fm4 
Location 4 is around 2.1 km downflow from the source of the rock avalanche. The surface is far 
more vegetated with significant scrub, grasses and immature trees growing on up. to 5 em of 
primitive soil. Surface relief is small, up to a few metres at most and disguised by stands of 
vegetation. The same compositional banding from location three can be traced to tlus 6-7 m high 
exposed section, again they dip sub-parallel to deposit surface, cutting up down flow with a 
shallow southward dip of 10 - 200 • Also present with the argillite and grey sandstone banding are 
much lighter, grey-white, slightly larger and coarser grained sandstone clasts up to 25x15xl0 em. 
These lighter clasts form bands that are matrix supported and form very diffuse boundaries with 
the darker, fmer greywackes. The argillite band appears very much like heavily jointed in-situ 
material but on touch is fO\llld to highly fragmented and readily disaggregates. The base of the 
exposure, below the argillite band is hidden by loose material fallen and mounded against the 
steeply dipping (40-50°) exposure. The top of the exposure is again the thin (1 m), coarse surface 
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layer that sits above the fme underlying interior. The sample was taken from the greywacke 
material. 
Location 5: GR 0250-1379 - Sample Fm5 
Location 5 is located around 2 km from the source, with banding very similar to locations 3 and 4 
evident in the exposure. The surface is well vegetated with scrub, grasses and immature trees. The 
surface is mounded up to 5 m and where unvegetated, consists of cobbles and boulders of 
sandstone and blocks of laminated argillite. Compositional banding is again sub-parallel to the 
deposit surface, cutting upwards down flow (south dip). The section is 7-10 m high, steep (500), 
and the base is obscured by mounds of material fallen from the surface above. The light coloured 
coarse grained sandstone clasts visible at location 4 are common and reach 30x20x20 em in size. It 
is possible to identify a sequence of: 
greywacke -argillite - greywacke - light grey band - then thin coarse surface layer. 
The sample was taken 5 m below the surface in the med-grey sandstone clast band that is matrix 
supported. Samples were not taken in the argillite due to pre-mentioned collection problems and 
field sieving would be required to sample the matrix supported, light grey, coarse, sandstone 
domains due to the size range of the clasts. 
Location 6: GR 0230-1350 - Sample Fm6 and Fm7 
Location 6 is very close to the inferred boundary between the upper and lower deposit at 920 m 
a.s.1., around 1.75 k:m downflow from the source region. The samples were obtained from the 
western side of the stream where at least two terraces exist in the debris. The exposures are small, 
terraces are less than 2 m in height. The terraces are clast supported with maximum size being 
around 20xlOxlO cm with the clasts almost all sandstone surrounded by a matrix of fine, light grey 
sandstone. Structure is not visible in the terrace although indistinct imbrication was observed near 
this location. The samples were taken to evaluate the change to grain size distribution through 
fluvial reworking of the deposit through removal offmes. 
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Evolved method sampling 
Sample site 1 - Fm0201 - fm0215 
Introduction 
The actions of rivers and small streams on the deposit at Falling Mountain have created numerous, 
very steep sided exposures showing the interior of the rock avalanche. Due to safety considerations 
samples were collected from only one section. Around 2.4 km downflow from the source , a stream 
that begins at Lake Sally flows east into the stream running along the western edge of the lower 
deposit, an unnamed tributary of the West Branch Otehake. Just 200 m down flow of this 
confluence as the stream meanders to the east, one area of outcrop from 860 m to the surface is 
fully accessible from a steep gully. The exposure faces northwest and is near vertical where it 
meets the gully. The exposure can be considered near basal as the base of the rock avalanche is 
exposed -200 m east in the gully cut by the eastern tributary of the West Branch Otehake. 
Sampled exposure 
The exposure is around 30 m high and consists of a number of light and dark coloured sub-
horizontal bands of varying thicknesses. The bands are defmed by their lithology, light bands are 
predominantly greywacke; dark bands are predominantly argillite. The boundaries between bands 
are sharp, planar, and well defmed. All clasts, regardless of lithology are highly angular, fractured 
and often show well developed 3-d jigsaw texture. The two band types differ markedly in terms of 
grain size with dark bands appearing to consist of a greater amount of fines and a smaller 
maximum clast size. Observations and sieve data show that greywacke light bands contain clasts 
up to 64 mm in diameter, whist dark argillite bands have a maximum of 31 mm diameter clasts. 
Both band types have a minimum clast size < 1 mm, observation only estimates are very fme sand 
to silt grade. Bands vary in thickness from 10 m to <1 m, with argillite bands never thicker than 1 ­
2 m. Samples were taken at one per band type to maximise number of bands sampled, with two 
taken in the thickest band visible - a 10 m thick greywacke band. 
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Sample site 2 : Fm02 2.1 - Fm02 2.2 
Introduction 
Material from the Falling Mountain rock avalanche initially travelled west from the source region 
and impacted against the eastern slopes north of Mt. Oates (2054 m). Material travelled up to a 
height of nearly 1400 m, around 100 m higher than the base of the present scar. The material has 
left distinct, sharp ridges of debris at the maximum height achieved with little or no material 
visible above this. The ridges are similar in shape and morphology to brandung ridges observed on 
many other rock avalanche deposits (Hewitt, 1988). Debris has fallen back from these ridges, 
exposing sections of the interior covered by loose fall-back scree. One such exposure exists 1 km 
west ofthe centre of the scar (1300 m), and 500 m west of the Taruahuna Pass (1252 m). 
Sampled exposure 
The upper limit of the rock avalanche deposit directly west of the Taruahuna Pass is at 1350 - 1360 
m on a steep sided mountain (>55°) slope north east of a minor lobe of debris that impedes a 
mountain stream. Material has fallen back fonn this upper limit defmed by a ridge, to show an 
internal section of the deposit 10 -15 m below. Much of the exposure is covered by fall-back 
material that covers any internal structure but this can easily be removed by hand. Cleaning of 
small areas was carried out to reveal preserved stratigraphy as bands of greywacke or argillite 
material. At the southern end of the exposure a well-preserved argillite band can be clearly seen, 
this band is -2 m wide with near vertical dip. This band had little material on the surface and is the 
only band that a clear orientation could be taken from, as surface features seem to falsely show 
sub-horizontal structures at other parts of the exposure. The argillite band was sampled as Fm02 
2.1 and consisted of clasts ranging from 128 rum - < 1 mm. All clasts were highly angular but two 
distinct shapes were noted, blade like thin slabs and equidirnensional clasts. Blade like clasts 
resembled fragments often found near naturally weathered argillite boulders and are very weak, 
and could be broken by hand. No internal structure could be observed within the band other than 
that it was matrix supported. Cleaning revealed the boundary between the argillite band and the 
greywacke band next to it (north). The boundary was sharp and distinct and appeared vertical, as 
did the greywacke band. The clasts ranged in size from 128 rum - < 1 nun, were all highly angular 
gil 
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and showed no preserved structure other than matrix support for larger clasts. This greywacke 
band was sampled as Fm02 2.2. 
Density measurements 
, Density 1 - GR 02567-14045, 860 m a.s.l. 
'. 
Density 1 was taken on a flat bench located near the bottom of a steep exposure 100 m east of 

sample site 1, ~2.5 km downflow from the source area. The exposure has been cut by the action of 

the eastern tributary of the West Branch Otehake that joins the western tributary shortly 

downstream. Just 150 m east this stream reveals the base of the rock avalanche, and shows 

rounded boulders, tree stumps and logs orientated down valley in the direction of flow. The 

density measurement therefore represents a lower portion of the flow, almost basal. The density 

was taken in what appears to be greywacke material, no corresponding grain size data are available 

but sample site 1 is in the proximity. 

Density 2 - GR 02870-14708, 790 m a.s.l. 

Density 2 was taken ~3.45 km downflow from the source in an exhumed bedrock gorge that is 

being reused by the river after being filled with rock avalanche debris. The density measurement 

was carried out in greywacke material, no grain size distribution data are available for the location. 

Density 3 - GR 01482-11777,1345 m a.s.I. 

Density 3 was taken at sample site 2 on the fallback exposure ~1 km west of the source region. 

The measurement was carried out in the greywacke material sampled as Fm02 2.2 and described 

previously, consequently grain size data are available. 
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Appendix G 
Acheron rock-avalanche deposit results. 
I 

I 
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16 Acheron Results 
Fractal dimension results 
Table A Table showing the calculated fractal dimension (d) for the Acheron rock avalanche 
samples, also showing the confidence (R2) level of the line ofbest fit d was derived from. 
Sample number 
j Ac1 
~1 Ac2 
\ Ac3 
I 
I 	 Ac4 
Ac5 
Ac6 
Ac7 
Ac8 
Ac9 
Ac10 
Acll 
Ac12 
Ac13 
Ac14 
Ac15 
Ac16 
Ac17 
Ac18 
Ac19 
Ac20 
Fractal dimension (d) 
2.70 
2.40 
2.42 
2.55 
2.61 
2.58 
2.65 
2.58 
2.63 
2.69 
2.49 
2.52 
2.58 
2.51 
2.47 
2.53 
2.71 
2.72 
2.57 
2.52 
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AppendixH 
Falling Mountain rock-avalanche deposit results. 
I 

I 
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j 17 Falling Mountain Results - Both bands 
Fractal dimension results 
Table B showing the calculated fractal dimension (d) for the Falling Mountain rock avalanche 
samples, also showing the confidence (R2) level of the line ofbest fit d was derived from. 
Sample number Fractal dimension (d) R2 
Fm02-01 2.64 0.997 
Fm02-01 2.70 0.999 
Fm02-03 2.70 0.998 
Fm02-04 2.41 0.997 
Fm02-0S 2.70 0.996 
Fm02-06 2.54 0.998 
Fm02-07 2.50 0.993 
Fm02-08 2.53 0.996 
Fm02-09 2.65 0.997 
Fm02-10 2.30 0.993 
Fm02-li 2.70 0.998 
Fm02-12 2.30 0.993 
Fm02-13 2.47 0.996 
Fm02-14 2.54 0.993 
Fm02-I5 2.34 0.987 
Fm02-2.! 2.53 0.986 
Fm02-2.2 2.36 0.996 
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Matrix plot for statistical correlations 
BAND 
D Greywacke 
<> Argillrte 
Total RJpulation 
Figure K Matrix plot produced by SPSS for Falling Mountain data. Plot is broken down by band 
type but lines of best fit shown are for all data points. 
Mean and median grain size relationship 
A plot of both median and mean grain size against the weight percent gravel (Figure 22.2) allows a 
graphical estimation of the point at which the median and mean become the same, the point at 
which the GSD would becomes nonnal. For Falling Mountain this point is at - I Phi (0.5 rnm), 
corresponding to - 45 % gravel by weight. 
T he lowest actually observed is around 66 % gravel by weight. The plot shows variation based on 
lithology, greywacke samples are more variable and do not hold well to a line of best fit. With 
both band types plotted the R2 values are low, 0.73 for median grain size and 0.84 for mean grain 
size. T his is reflected in the statistical results though both are still deemed significant at the 0.1 
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confidence level. As at theAcheron deposit it seems that the GSD could possibly achieve a normal 
diatribution, the fme skew of samples cannot yet be treated as fully diagnostic of rock avalanche 
deposits. 
100% 
90% 
80% 
70% 
~ 
1: 60% 
en 
'iii 
~ 50% 
Qj 
> 40% 
n) 
.... 
C) 
30% 
20% 
10% 
0% 
-6.0 
'CIo ' '-. Mean grain size (both bands) R' = 0.8371 
.. .-.  
Median grain size (both ba nds) R' =0.734 7 
.~ 
• Greywacke medIan -----­----­ -----------------------: 
.. Greywacke mean 
o ~(gitlrte median 
6 Argitlhe mean 
-5 .0 4 .0 -3.0 -2 .0 -1 .0 0.0 1.0 2.0 3.0 4.0 
Grain size (Phi) 
Figure L Plot of median and mean grain sizes against weight percent gravel for Falling Mountain 
data 
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18 Falling Mountain Results - Argillite 
Matrix plot for statistical correlations 
Figure M Matrix plot produced by SPSS for argillite bands at Falling Mountain 
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19 Falling Mountain Results - Greywacke 
Matrix plot for statistical correlations 
<) 
Wean 
<) 
<) ~ 
<) 
Figure N Marix plot produced by SPSS for greywacke bands at Falling Mountain. 
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Appendix J 
Sand drop experiments (Hodgson and Davies, 1998) pbotograpbs courtesy of 
T.R.H.Davies. 
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A. One litre of sand with 10 mm stained 'spike ' at 10 mm veltical intervals. 
a). b). c). d). 
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AppendixK 
H I L and angles of reach of long-runout landslides 
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21 HlL and angles of reach of long-runout landslides 
Angles of reach, the so called fahrbOshung (Heim, 1932) have been used to try and quantify the 
excessive travel distance of long-runout landslides for well over a century. The fahrbOshung is the 
angle of a line connecting the crest of the landslide source to the distal margin of the runout mass. 
This angle is used as an indicator of mobility and is also known as the equivalent coefficient of 
friction (Shreve, 1968). Hsii (1975) showed that the tangent of the reach angle is the coefficient of 
friction of the surface of the contact between the landslide base and the ground surface when the 
angle of reach line actually joins the centre of gravity of the source region and displaced mass. 
Using plots of the tangent of the reach angle, usually expressed as a ration between H, the drop 
height, and L, the TUllout, against the landslide volume yield plots common to the rock-avalanche 
literature. The results show that larger volume landslides have lower angles of reach, that's is to 
say they are more mobile than small ones with a higher angle of reach. This has become 
universally known as the 'size effect'. It is this size effect and excessive travel distance that have 
led to the need for exotic mechanisms of motion as presented in Chapter 2 ,to try and explain why 
large rock avalanches go as far as they do. 
More recent work (Corominas, 1996) has again focused upon the use of angles of reach. This time, 
all forms oflandslide are considered and the conclusions are interesting. Corominas (1996) states 
that the angle ofreach is a measure of the efficiency of the mode ofmotion and the angle of reach 
are the result of the mode of emplacement, the vohune, geometry of confining morphology, and 
pore-water pressures. This, as the author concedes is in direct agreement with work published by 
Heim (1932), it seems at first sight that nothing has changed in the past seventy years. However, 
the most interesting results of Corominas' (1996) woek is that the reduction of angles of reach 
starts at the smallest volumes, it is not a feature exclusive to large rock avalanches. Most of the 
reduction in angles of reach actually occur in volumes less that 1 x 106 m3, the minimum size of a 
rock-avalanche deposit. Compared against other fonus ofmass movement, rock avalanches are the 
least efficient form of landslide, showing higher angles ofreach than flows, debris avalanches and 
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translational slides (Corominas, 1996). At the largest volumes, the type of movement is even less 
important with all types showing similar angles of reach. 
It would seem form the research presented above that there is no need for exotic mechanisms of 
movement for rock avalanches over other forms of mass movement. Research into the HlL 
relationships is ongoing in many institutions at present; so too is the search for ever more 
mechanisms of motion. This thesis has a deliberate aim to not become embroiled in the search for 
a specific mechanism of rock-avalanche motion. The sedimentology of rock avalanches must be 
objective, previous attempts have been hindered by the attempt to adhere to, or try and create a 
new mode of motion, for example Davies et aI, (1999). Future work can then take the 
sedimentological and morphological model presented to test any mode of motion against the final 
deposit features. 
309 
